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INTRODUCTION AND PROBLEM

The Navy has $25 billion worth of facilities in seismically active
regions. Each year $200 million of new facilities are added to those in
seismically active areas. The Navy, because of its mission, must locate
at the waterfront with a high watertable and often on marginal Tland.
Seismically induced liquefaction is a major threat to the Navy. Pres-
ently, procedures do not exist to analyze the effect of liquefaction on
structures. Developing an effective stress soil model will provide a
tool for such analysis of waterfront structures.

To understand the significance of liquefaction, it is important to
note the damage caused in recent earthquakes. The following summarizes

recent experiences during major earthquakes.

1960 Chilean Earthquake (Magnitude 6-8.3)

Most spectacular damage occurred in Puerto Montt, to quay walls,

steel sheet piles, and sea walls. Liquefaction of the loose fine

sandy soils was the primary cause of the failures.

1964 Alaska Earthquake (Magnitude 8.4)

Severe damage at Anchorage, Cordova, Homer, Kodiak, Seldovia,
Seward, Valdez, Klawock, and Whittier. Large-scale land slides and

liquefaction induced most of the extremely heavy damage and total

destruction.
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1964 Niigata Earthquake (Magnitude 7.5)

Severe damage in Niigata Port (West Harbor). Areas affected were
Additional Harbor, Yamanoshita Wharf, North Wharf, East Wharf,
Central Wharf, South Wharf, Kurinoki River Landings, Bandai Island
Wharf, Shinano River Left Bank Bulkhead, and West Coast Bulkheads.

Liguefaction caused most of the heavy damage.

1968 Tokachi-Oki Earthquake (Magnitude 7.8)

Ports affected were Hachinohe, Aomori, Hakodate, and Muroran.
Damage was relatively light compared to that caused by Niigata
Earthquake. Most of the damage occurred to structures of smaller
scale. Liquefaction was not the primary cause of damage even
though spouting sand sediments were seen at several waterfront

areas near the damaged structures.

1973 Nemuro-Hanto-0ki Earthquake (Magnitude 7.4)

Severe damage occurred mainly in Hanasaki and Kiritappu Ports.
Nemuro Port situated only 6 km away from Hanasaki Port sustained
very slight damage. The damage was attributed to soil lique-

faction.

1978 Mivagi-Ken-Oki Earthquake (Magnitude 7.4)

Areas affected were Shiogama, Sendai, and Ishinomaki Ports, and
Ishinomaki and Yuriage Fishing Ports. The damage in Ishinomaki
Port accounted for approximately 90 percent of the total damage
costs at port and harbor facilities caused by this earthquake.
Gravity quay walls and piers suffered various degrees of damage.
Sheet pile quay walls damaged were primarily due to liquefaction

of fill materials. Liquefaction again played a significant role

in this earthquake. At sites where liquefaction did occur, the
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damage to the port and harbor structures was very severe.
Conversely, the damage to port and harbor structures was small at

sites where no liquefaction occurred.

As can be seen, liquefaction played a major role in waterfront
damage, most of the time being the single cause of widespread losses.
Fortunately the United States has not suffered a devastating earthquake |
in recent years. However, the seismic risk is great, particularly in |
the West where it is estimated that there is a 5 percent annual prob-
ability of a major event in Southern California that could affect a
number of Naval bases. This problem has been noted in an ONR sponsored
study evaluating the Navy's seismic vulnerability. The experience noted
in recent earthquakes is that liquefaction greatly increased the amount
of damage observed in waterfront facilities. Particular problems exist
with sheet piles, quay walls, wharfs, and embedded structures. Conven-
tional buildings also suffer severe damage.

The Navy's experience has been limited to damage inflicted in the
1964 Alaskan earthquake., heavy damage was noted in the seawall at the
Kodiak Naval Station. One foot of differential settlement was noted
beneath aircraft hangars. Compaction of fill occurred under asphalt
aircraft ramps. It is significant to note that these facilities were
constructed on 15 to 20 feet of engineered fill where seismically
induced pore pressure increases would be expected to reduce soil stiff-
ness and shear strength. The damage noted was caused by soil failure,
and in addition, substantial damage was caused by the seismic sea wave.
The United States has not had a large number of events exposing Navy
facilities to damage. However, the Japanese have had a number of events
and their experience illustrates that seismic liquefaction was respon-

sible for most waterfront damage.

The conclusions from this are:

(1) Seismic liquefaction causes severe damage to waterfront

structures.
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*EE (2) The Navy, loccated in seismically active areas having numerous

o waterfront structures on marginal land, is vulnerable to substantial
damage.

0Y)

(3) Techniques presently do not exist to accurately analyze the
response of a large complex waterfront structure on soil in which seis-
mically induced pore pressures cause loss of soil stiffness and shear
strength (liquefaction).

The most promising solution to this problem is developing a
constitutive soil relationship that is capable of accurately predicting '
soil behavior under generalized loading conditions. Implementing this
effective stress soil model into a finite element computer program would
allow analysis of soil and structure together.

TECHNICAL BACKGROUND

The analysis of dynamic transient phenomena in fluid-saturated
porous media 1is of great interest in geophysics and geotechnical
engineering. Fluid saturation of an otherwise inviscid porous solid
skeleton introduces a time dependence into the reponse to applied loads.
Biot (Ref 1) first considered the propagation of harmonic waves in a
fluid-saturated porous medium. Since then, his theory and results have
been the standard reference and basis for most of the investigations in
acoustics, geophysics, and geomechanics. Many one-dimensional wave
propagation theories have since been proposed (see Ref 2 and 3) for
recent surveys of western and Russian literature), and one-dimensional
wave propagation numerical results were first presented in References 4
and 5. The need for a general multidimensional formulation and solution
technique has become important in recent years because of the increased
concern with the dynamic behavior of saturated soil deposits and associ-
ated liquefaction of saturated sand deposits (see Ref 6 and 7) under
seismic loading conditions. Also concern in marine foundation engineer-

ing with water wave induced dynamic pore pressures in saturated marine

deposits has spurred interest in the subject matter (see Ref 8 and 9
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for related analytical solutions). Most of the solution procedures
reported in the literature are restricted to linear systems  Ghabouss:
and Wilson (Ref 10) first proposed a multidimensional finite element

numerical scheme to solve the linear coupled governing equat:uns

Despite the extensive literature published 11n soil dynamics (see
Reference 11 for extensive references) no general technigue capable
of accounting for all present nonlinear effects (large deformations
strains; nonlinear material behavior) has yet been fully developed and
implemented, although attempts at presenting a suitable general frame-
work have been reported (see Ref 12, 13, 14, 15, 16, and 17)

Professor J.H. Prevost of Princeton Jniversity (Ref 13) hac
developed an efficient finite element numerical procedure to ana'yrle
transient phenomena in fluid saturated porous media. The saturated
porous medium is modeled as a two-phase system consisting of a soltd ang
a fluid pbase. The solid skeleton may be linear, or nonlinear and
hysteretic. Large deformations may also be included. The fluid may be
compressible or incompressible depending upon the intended ipplications
(e.g., seismic, blast loading). Time integration of the resulting semi-
discrete finite element equations is performed by using an implicit-
explicit algorithm (Ref 18 and 19). In order to remove the time step
size restriction associated with the presence of the stiff fluid in the
mixture, the fluid contribution is always treated implicitly.

This study is directed toward examining the predictive capabilities
of the numerical procedure proposed in Reference 20. "f particular
interest is the validity of the proposed numerical model in capturing
adequately the generation and dissipation of excess pore-water pressures
in saturated sand deposits during (and after) earthquakes, and its per-
formance in dynamic soil-structure interaction problems. The most
appropriate method for such a validation study would be to utilize field
data from instrumented prototype situations. However such a study is
preempted by the paucity and scarcity of the field data. In the absence
of actual prototype earthquake field data, an alternate method of vali-
dation is provided by analyzing centrifuge soil model test data.
Although imperfect in many respects, it is felt that dynamic centrifuge
soil model tests can still provide a data base for calibration of

numerical procedures. A number of dynamic centrifuge soil model tests
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interaction of two such phases The required formalrem for the aeve o) -

ment of general! nonlinear equations was later introduced through the
theory of mixtures (Ref 26, 27, and 28). General mixture results can be

shown through formal linearization of the field and constitutive equa-

- tions, to reduce to Biot linear poroelastic model (see Ref 29). The
. balance laws for the two-phase mixture are summarized in this report
o Balance of Mass
{. Y a
Dn o o n D
—_— 4 . = - — —— =
i ¢ tnv-y b, Dt (p,) (o =5s,w) (1)
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Balance of Linear Momentum

v-g"+p "+ b = p% " (a=s,w) (2)

~

o
where: D/Dt

material derivative following the motion of the

a-phase
o o . .
p = n'p, = macroscopic average mass density
Py = microscopic mass density
n® = fraction of elemental volume, dV, occupied by a-phase

Gi.e., n% = av¥/dv).

s w
n~ +n =1,

Clearly, 2 n®

where: s and

3
n

solid and fluid phases, respectively

w .
n = porosity

v = velocity (spatial) of a-phase
a = acceleration of a-phase

b = body force per unit mass

se from the other phase,

= momentum supply to_the g-pha
+p% = 0.

subject to ZB=P
In the following, momentum interaction consists of diffusive and dilata-
tional contributions, viz.,

~S AW S w w

= -p = -&-(-y)-p,¥n (3)
where: £ = symmetric, positive definite second-order tensor

p.. = fluid pressure

The first term is sometimes called the "Stokes drag"” (see Ref 26).
In Equation 2, ga = partial (Cauchy) stress tensor corresponding to
the a-phase. The partial stress tensor gw corresponding to the fluid

phase is equal to n" times the pore fluid stress g i.e.,
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¢ = n g (4)

ey

However, the partial stress tensor gs corresponding to the solid phase '
is not the effective stress g's of classical soil mechanics (Ref 25),

but rather is

gs = 'S +n® (5) ‘

where n® g, accounts for the effects of the pore fluid stress on the

individual solid grains which constitute the solid skeleton. The global
stress, g, is the sum of the partial stresses, and is equal to (from

Equations 4 and 5)

g:g +g + 0 + 0 (6)

as postulated in classical soil mechanics (Ref 25).

Equations of State

For all practical applications of interest in soil dynamics, the
soil grains may always be assumed to be incompressible, and in the
following Pe constant. Equation 1 for the solid phase then simplifies
to

ow
=]
1]
~~
[
H
b=}
Saus?
Ls |
i<

(7

o
[ad

and Equations 1 and 7 may be combined to yield the so called "storage

equation," viz.,




N
',‘
o
£
l“l
xa Constitutive Assumptions
'v'l
o A rate-type constitutive equation describes the behavior of the
5 porous solid skeleton, of the following form:
1
5 |
L S '
D sy _ 5. .S G . . s _ 'S ' .
ot (@) = DTy v Dy gt (@t x gl s B (92)
3
ot here: v.S
\) where: X = symmetric parts of the solid velocity gradient
Ko
![S] = skew-symmetric parts of the solid velocity gradient
o
o DS !,
- ~ = material constitutive tensor, an objective tensor
o valued function of possible g'” and the solid
deformation gradient
R p® L .
. ~ = contribution from the rotational component of the
w2 stress rate. {
N
W Namely,
- 8. = 3656, +0tSs., -056., - 05, 6] (9b)
f: ijke 212 T jk j2 ik ik “je jk Tig
>,
f% The last term on the right-hand side in Equation 9a is introduced to
3
" ensure that the tangent stiffness operator obtained through lineariza-
) tion of the momentum equations possesses the major symmetry as the gs
ﬁf tensor. Many nonlinear material models of interest can be put in the !
:;f above form (e.g., all nonlinear elastic and many elastic-plastic '
i material models). The particular form of the constitutive equation i
> (Equation 13) adopted here was first proposed by Hill (Ref 30) within :
- the context of plasticity theory. Appropriate expressions for the
:ﬁ effective modulus tensor, QS, for soil media are given in References 31 -
h- and 32. For a linear isotropic elastic porous skeleton:
- ;'_ s _ s s
- Diig = X 85 8t V(8 8., +8,,6,) (10)
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. where: A", v

-
o 5. .
b Jj

effective Lamé's moduli

Kronecker delta

The following constitutive equation is assumed to describe the
e behavior of the fluid phase F

= -p, 86 (11)
e where: p = pore-fluid pressure

rEg We assumed that the fluid has no average shear viscosity. Further, the

fluid flow is assumed barotropic so that the fluid kinetic equation of
state is independent of the temperature, viz.,

F(p,p,) = O (12)

X from which it follows that

w
1 D
L o= (13)

Aw

cﬂc:t

1 _
?r (D ) =

w

bty where: A" = pwépw/apw = bulk modulus of the fluid phase.

The fluid pressure can thus be determined from Equation 8, which now

AN writes:

=) = =y - (") +v - [a- )y (14)

]
E??g For soil media, the compressibility of the fluid phase is often no
ﬁ" smaller than the compressibility of the solid skeleton. Therefore, the
fluid phase may, in some soil dynamics applications, be regarded as
incompressible, and Equation 8 reduces to:

LA )

02 v vy raa-nMy®l = oo (15)
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o ) Field Equations X

ol Under the assumptions described above, the linear momentum equa-
-~ tions (Equation 2) simplify to.

b (16a)

(16b)

when the movement of the solid phase is used as the reference motion.
e, When inertia and convective terms are neglected, Equation 16b reduces to
Darcy's law as:

B MO -y = -2t @ -p ) %)

R and thus k = (nw)zyw gl = Darcy permeability tensor (symmetric, positive

“5 definite), (units. L/T), Y, = g, = unit weight of the fluid; :
"f g = acceleration of gravity. "
L N
e Weak Form - Semi-Discrete Finite Element Equations :
‘."' B,
E& The initial boundary value problem consists of finding the solid ;
i

displacement, vs, the fluid velocity, gw, and the fluid pressure, P,

~

(all functions of position and time) satisfying the field equations

;.Q (Equation 16a and 16b) together with the constitutive relations and 3
&2 continuity conditions subject to appropriate initial and boundary 3
‘i2 conditions. In order to reduce the number of unknowns, the fluid ot
¥
> pressure is eliminated from the formulation, thereby producing a most
o efficient scheme. In the case of a compressible fluid, the fluid
JE, pressure is determined from the computed velocities through time inte- ;
_? gration of Equation 14. In the case of an incompressible fluid, a b
W
ne ]
h \
1" .
-,:l. o
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penalty-function formulation of the continuity constraint expressed by

the storage equation (Equation 15) is used to compute the fluid pressure

as:

(v - vy1+9-a-a" vy (18)

where AY > 0 is a penalty parameter, not the effective bulk modulus

appearing in Equation 14. The penalty parameter is selected as a large

number. This parameter is further discussed later.

The weak formulation associated with the initial boundary value

problem is obtained by proceeding along standard lines (see Ref 33).

The associated matrix problem is obtained by discretizing the domain

occupied by the porous medium into nonoverlapping finite elements.

Associated with this discretization are nodal points at which shape
functions are prescribed. Two sets of shape functions will be required
for the solid displacement and the fluid velocity fields, respectively.

However, since attention

in the following is restricted to low order

(i.e., four-node plane., eight-node brick) finite elements, which are
the most efficient in nonlinear analysis, the same shape functions are
used for both the solid and the fluid.

and fluid

The shape functions for the

solid displacement velocity associated with node A are

denoted by NA. They satisfy the relations NA(5B) = 6AB in which 58
d .notes the position vector of node B, GAB = Kronecker delta. The
solution of the Galerkin counterpart of the weak formulation is then

expressed in terms of the shape functions and gives rise to the follow-

ing system of equations

w0 |a° F? 2 -z| ¥
= - (19)
o M| |2 2 I P AN 4 I
where: Qa = mass matrix
ga = acceleration vector
12
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o
v

velocity vector

o
F force vector

Several computational simplifications result in using a diagonal mass
matrix, and a "lumped" mass matrix is used throughout. For the two-
dimensional (three-dimensional), four- (eight-) node bilinear (tri-

linear) isoparametric element,

o
(M??) = 6ij GAB J/- pa NA aQ (no sum on A) (20)

Qe

where: M?? = the elemental mass contribution to node A from node B for

directions i and j to the global mass matrix Qf = spatial domain occu-
pied by element e.
In Equation 19, Z 1is a damping matrix arising from the momentum

transfer terms in Equations 16 and 17 as:

AB _ A B
Zij = / Nijg N~ dQ (21)
ot

The solid force vector ES is:

s
ES (Eext) - ﬁS (22)
ext.s . .
where: (F )" = vector of external solid forces (i.e., body force,
surface tractions)
ﬁs = vector of solid stress forces, viz.,
A s _ A VS _ S
Ni N,j(oij n"p, 6ij) dn (23)
a®
The fluid force vector Ew is:
w ext ¥ w
o= [T - N (24)




-
5
;f' where: (fext)w = vector of external fluid forces
7a£ Ew = vector of convective and fluid stress forces, viz.,
‘st AV w A w s w A w
e (Ni> =/p N(vj-vj)v‘.’jcn-fN".n p,, (25)
.‘r. Qe Qe
.;: Time Integration
b1
Time integration of the semidiscrete finite element equations
:\\ (Equation 19) is performed by using a finite difference time stepping
f\} algorithum. Many types of time stepping algorithms and algorithmic
\{ strategies are presently available (see Ref 34 for a description of
" most widely used computational transient analysis methodologies).
100 Broadly speaking, implicit or explicit procedures are available.
NE: Explicit procedures are the most computationally efficient procedures
jné since they do not require (for a diagonal mass matrix) equation solving
to advance the solution. However, stability restricts the size of the
[+ allowable time step. On the other hand, unconditional stability can
'Sij usually be achieved in implicit procedures but they do require solution
jﬁ of a system of equations at each time step. First and foremost, it must
e be pointed out that a purely explicit procedure is not appropriate for
> the problem at hand because of the unreasonably stringent time step
:iﬁ; restriction resulting from the presence of the overly stiff fluid in the
‘t?: mixture (even for highly nonlinear solid material models). Methods that
a combine the attractive features of explicit and implicit integrations
3;{ have recently been developed. The methods used here fall under the
‘gij category of "split operator methods." In operator splitting methods, an
Séﬁ implicit integrator is selected as the starting point and the integrand
N (right-hand side in Equation 19) is split so that the system of equa-
:ff tions solved is reduced. The specific choice made is obviously problem
;i: dependent as discussed further.
i?; Symbolically, the discretized equations of motion (Equation 19) can
. be written as:
el
Pt
o
th
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2
2
L
4
- Ma+Cy+Ndy = ¢ (26)
X where M, C, N, a, v, and d are defined by Equation 19 in an obvious
5 manner. Time integration is performed by using the implicit-explicit
)
§ algorithm of References 35, 18, and 19, which consists of satisfying the
following equations:
' I E ~ I
M3 "8 Yo 8 Yney P N (dnagXey) (27)
E ~ _ ext
YY) T En
;
3 d = d + o At2 a
~n+l ~n+l n+l
Yo+l = vn* + B At a +1
where
2
~ _ ) At
1 = oty +QQ-28) 7, a
!n+1 = X, * (1 - o) at En
g and the superscript I and E refer to the parts of C and at are treated
as implicit or explicit, respectively. The notation is: At = time
]
2 step; EFXt = feXt(tn); gn‘ v, and a, are the approximations to g(tn),
!(tn), and g(tn); o and B = algorithmic parameters that control
i accuracy and stability of the method. It may be recognized that
Equations 27 and 28 correspond to the Newmark formulas (Ref 36). The xS
‘ .. ~ ~ " . " :"":‘
’ quantities, gn+1 and Xn+1’ are referred to as predictor" values, N
¥ while d and v are referred to as '"corrector" values. From ~
n+l ~n+1 o~
; Equations 26 through 28, it is apparent that the calculations are \

rendered partly explicit by evaluating part of the viscous contri-

bution EE v and the force, EE, in terms of data known from the

~n+1’
previous step.

»
-
C]
3
[ ]

Calculations commence with the given initial data (i.e., 90 and
v ) and ao, which is defined by.
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Fext - v,

g a

3 = Fo Sy - N

0'¥o) (28)

since M is diagonal, the solution of Equation 28 is rendered trivial.

Implementation

At each time step, Equations 26 through 28 constitute a nonlinear
algebraic problem that is solved by a Newton-Ralphson type iterative
procedure. The most useful and versatile implementation is to form an
"effective static problem" from Equations 26 through 28 in terms of the
unknown 3041’ which is in turn linearized. Within each time step, the
calcuiations are performed as summarized in Table 1 in which EI and 51
denote the parts of the damping and tangent stiffness operators, respec-
tively, to be treated implicitly.

The following choices have been found most appropriate:

Incompressible Fluid (Penalty Formulation). In this case, EI is

selected to contain both the momentum transfer and the penalty term

I Z+ £ss -7 + Esw

£ = T WS wwW (29)

"2+ C 2+

where: CaB

< (o, B=s, w) = damping matrices arising from the penalty

treatment of the fluid contribution as.
op o B
(cﬁ?) = PN ULV Y. S (30)
1] . nw y 1 »J
Q

The convective fluid force (see Equation 24) is usually small and is
treated explicitly with no resulting computational difficulty. Note
that since Esw = (gwa)T the resulting EI is symmetric for the choice
adopted here.

As for the solid stress force (Equation 23) contribution to the
equations of motion, three options are possible: "implicit," "explicit,"

or "implicit-explicit" treatment. The choice is made as follows:

16
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Wave Propagation Type Calculations. Very short time scale (and

high frequency) solutions are sought and an explicit treatment of the
solid effective stress contribution is usually found most appropriate in
this case. The time step size restriction resulting from stability
considerations, is of the same order as the one resulting from accuracy
considerations for nonlinear material models. Further, the specific
implicit treatment adopted for the fluid contribution allows the calcu-
Tations to be carried out at a time step usually close to the time step
corresponding to the propagation of the solid compressional wave through

the solid phase of the critical element.

Vibration Type Calculations. Since the frequencies captured are

usually much higher than above, an implicit treatment of the solid
effective stress contribution is usually convenient in this case since
it allows the time step to be selected following accuracy considerations
only. Unconditional stability is achieved by selecting the proper
algorithmic parameters as discussed later. However, for nonlinear
analyses, a purely implicit treatment requires a maxtrix reform/
factorize at each time step (and for every iteration to be performed, in
general), thus producing a considerable computational burden. It is
therefore convenient, in the nonlinear case, to adopt an implicit-
explicit treatment of the effective stress contribution as follows: The
linear part of the stiffness is treated implicitly while the remaining
nonlinear part is treated explicitly. For that purpose, a solid stiff-

ness operator is defined from Equations 9 and 23 through linearization

as:
K+ K00
K = (31)
Y Y
where: 55 = material tangent part
5G = "jnitial.stress" or geometric part, formed from the tensors

QS and D (Equation 9) in the usual manner (see Ref 16).
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Table 1. Flow Chart -
",
1. Initialization: =
“l
i = o0 p
Q1 = Q2 = 0
2. Predictor Phase: :?
. N
NN R
9he1 <n+1 >l
G0 IR =
Yhel1 T Xnnl
2 -
31 T Yon1
3. Form Effective Mass: (Reform and factorize only if required) t:
M = M+atac +at?p k! o
4. Form Residual Force:
(i) _ ext _ (1) V) (i) (i)
aFT T = Eap mMany Gyt N Yee)
5. Solution Phase:
. . R,
n* A E(]) = AE(1) _1.
6. Corrector Phase: ;
(i+1) _ (1) (i) -
2n+1 T 24 t A2 =
\-
(i+1) _ = (i+1) 2
n+l Ynep POt @2 N
(i+l) ~ 2 (i+l) .
f; dhe1 = G AU B2, .
o s .
1] .
o ':-
o .
N .
N v
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Table 1. Continued

~;..:.' 7. Convergence Check: (only if i > 0)
AT

d".n

R Q2 = Q1

. 4

1, . .

ot = || aa || Alaat "D

"

-._.f

D Q = AMAX(Ql1,02)

7

.4 .

R If( Af“’“/”ag(o) < TOL* .AND.
o G|l M. .o

Pl Q na l/ Aa < (1-Q)TOL*) GOTO 9
';;"b
o Otherwise; continue

8. i « i+1: GOTO 3
N 9. n « n+1; GOTO 1

~ A
-3

AL *Typically, TOL = 10
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a
“
_‘ In the implicit-explicit procedure:
I e 0
- -
- K 0 0 (32)
- p4 b
i
. where: 55 = linear elastic contribution to the material tangent
(- stiffness (from Equation 10).
R Such a choice does not always lead to unconditional stability. The
»
;y difficulty is not usually associated with the explicit treatment of 56
(which contains terms of the stress order and therefore usually has a
) negligible impact on stability), but rather from the explicit treatment
f of the nonlinear term (}S ﬁé) for materials with a locking tendency.
o In that case, care must be exercised in selecting a time step smaller
than the one associated with the fastest expected wave speed correspond-
- ing to the subsequent stress histories to be followed by the material
o elements.
-
Ciffusion Type Calculations. It is sometimes desirable to capture
- the purely diffusive part ("consolidation" part) of the solution
“dynamically. “ Such a necessity arises in situations in which both short
and long time solutions to a dynamical problem are sought (such as in
[
seismic or blast induced liquefaction simulations). As shown in Refer-
[ ences 14 and 16, by switching to an appropriate choice of the Newmark
o parameters, « = 3/2 and # = 1, and by using the implicit-explicit option
= described above, all dynamic transients can be damped out, and purely
o,
diffusive (consolidation) solutions can be obtained 'dynamically" by
: solving the dynamic equations.
o The penalty treatment of the storage equation constraint requires
ﬂ- that A" be selected as a “large number"” capable of predominating the
other moduli It should be picked according to the relation:
x I
. i w
= w . " Yo 1 S S
', A\ E CMBX‘*"‘ : “.ﬁAt()\ *2v)| (33)
i ]
<
¥
B
o
‘\
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o where: C = a constant that depends only on the computer word length.

. Numerical studies reveal that for floating-point word lengths of 60 to

N 64 bits, C =~ 107. l
i: It has been determined, on the basis of numerical experiments, that 5
< it is better to use reduced integration of the penalty terms and of the :

solid volumetric stiffness (div !s contribution) to alleviate potential -

N . \
;o mesh locking phenomena. )
4 B
4 %
:J' I Ry
: Compressible Fluid. In this case, C” contains the momentum trans- "

fer term contribution to the equations of motion, viz.,

R :
1 z 2 :
A c = T (34)

v -2 -2 3
W, ~ ~

. . . . . -

b and the convective fluid force is treated explicitly. -
;f Again, the fluid pressure contribution is treated implicitly. For ’
: this purpose, a fluid stiffness operator is defined from Equations 14 bt

and 19 through linearization as y

R 9

- ¢ ¢ .

- K, = (35) A
- ~w Ews Eww .
1ot ::
3? Where EGB (0, B = s, w) are the same matrices as previously defined in /
_S‘ Equation 31. However, note that in this case, the matrices contribute K
w to the stiffness matrix rather than to the damping matrix. H
- The same options as described previously for the solid stress force
N contribution to the equations are used. Note that in the implicit-

:i explicit procedures,

S -
- 1 kg + € g™
o L WS ww (36)

- C C
v, ~ ~
'r¢
which again is a symmetric matrix.

3
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Stability. The resulting stability conditions (Ref 35) are sum-

marized: In all cases a > 1/2:

1. Implicit Treatment: Unconditional stability is achieved if B >
a/2 and it is recommended that (Ref 37):

2
(o~ 3)
g = 2 (37a)
2. Implicit-Explicit Treatment: The time step restriction is
2
wAt < ———— (37b)
(a+ 1)
\ 2

to maximize high-frequency numerical dissipation., w = highest natural
frequency associated with the explicit part of the stiffness operator.
The maximum expected frequency may be bounded by the frequency of the

smallest element, viz., for a rectangular four node bilinear element,

w = 2L (37¢)

where: L smallest dimension of the element

wave speed ( = J(AS + 2 ps)/ps for the linear model).

(@]
1}

Program DYNAFLOW

Equations 19 through 37 have been incorporated into the finite
element computer program OYNAFLOW (Ref 38). Numerical results that
illustrate the performance of the proposed numerical schemes in
analyzing the propagation of plane progressive waves (Ref 39, 1, 29, 26,
40, and 41) in fluidsaturated porous soil media have been reported in
Reference 13. In Reference 13 both compressible and incompressible
fluid cases are considered. In the following, attention is restricted
to vibration calculations in soil-structure interacting systems associa-
ted with seismic events in which the pore fluid may be assumed to be

incompressible (compared to the comprezsibility of the soil skeleton).
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4{” In the calculation reported the four-node bilinear isoparametric
’ element (see Ref 43 and 33 for a detailed description) is used with the
'i:, standard selective integrations sciheme (Ref 43). Also, the Newark
?i} algorithmic parameters are always selected such that a > 1/2 and
i;ﬁ . B = (a+ 1/2)2/4 to maximize high-frequency numerical dissipation
’ (Ref 37).

}\j Time integration of the semi-discrete finite element equations is
;E% performed by using the implicit-explicit, predictor-(multi) corrector
_*3 option. The structural domains and the fluid phase are always treated

) implicitly, whereas the solid skeleton phase is treated partly
fgi implicitly, partly explicitly. Specifically, the "elastic" part of the
;;ﬁ solid stiffness is treated implicitly, whereas the elastic-plastic part
fﬁﬂ of the stiffness 1is treated explicitly. Such a choice allows time

integration to be performed most efficiently for cases in which many

i? load/unload cycles occur, such as during dynamic events.
<;5 In order to simulate realistic initial conditions for the stresses

ﬁ; and strains in the soil deposits before input of the earthquake like

ground motions, in all the example problems reported, the numerical
v:&ﬁ simulation was carried in at least two sequential steps:
W)
‘:;j 1. Installation of Soil Deposit. This step in the numerical
simulation was designed to simulate realistic initial conditions. The
i;ﬁ computed gravitational stresses/displacements/pore-water pressures were
.%3 used as initial conditions for the ground motion calculations.

-‘.‘\

N 2. Ground Motion Simulation: The computed gravitational stresses/
Kj: displacements/pore-water pressures computed in the first sequence were
S?‘ used as initial conditions for the ground motion calculations. In order
:&: to avoid the initial propagations of any spurious noises, the accelera-
22 tion array was first cleared before activating the ground motion. Also,
;:T the algorithmic parameters were reset to o = 0.65, B = 0.33 (slightly
'wla diffusive), the time to zero, and the time step, At, selected to
Eta properly follow the details of the stresses (and pore-water pressures)

"at rest" before input of the ground shaking. For that purpose, small
’?f initial stresses were first input in the soil deposit and gravity was
f:g
s
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turned on. A number of steps (and iterations) were used to apply
gravity with a large enough time step, At, to ensure: (1) that no
excess pore-water pressures (over steady state conditions) would build-
up., (2) full development of effective stresses in the foundation soil
would occur; and (3) that no transients would occur. For that purpose,
a backward scheme with high numerical dissipation was used to damp out
all transients setting o = 1.50 and B = 1.00. Iterations (Newton-
Raphson or modified Newton-Raphson) were used to ensure proper con-

vergence of the solution at each time step.

Post-Dynamic Event Simulation

In saturated soil deposits, excess pore-water pressures usually
buildup and do not have time to fully dissipate within the time frame of
the earthquake. Subsequent redistribution and diffusion of these excess
pore-water pressures following the dynamic event are often of interest
since they may lead to failures (e.g., in earth dams where failures have
been recorded in the field several minutes to several hours following
the earthquake). It is, however, usually inefficient (costwise) to
capture numerically the post-event behavior with a time step designed to
follow the details of an earthquake motion. Therefore, in the follow-
ing, post-dynamic events have been calculated by resetting o = 1.5 and
B = 1.00 (highly diffusive backward) and by selecting the appropriate
time step, At, for capturing the post-event diffusion part of the
solution. (Note. Either constant At or geometrically growing At were

used for this sequence.)

PRINCETON UNIVERSITY EFFECTIVE STRESS SOIL MODEL

Theory

The hysteretic stress-strain behavior of the soil skeleton modeled
by wusing the effective-stress elastic-plastic model reported by

Professor Prevost (Ref 31). The model is an extension of the simple
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multi-surface Jz-plasticity theory and uses conical yield surfaces. The

model has been developed for cohesionless soils and tailored to:

1. Retain the extreme versatility and accuracy of the multi-
surface J,-theory in describing observed shear nonlinear
hystereti€ behavior, shear stress-induced anisotropy effects.

2. Reflect the strong dependency of the shear dilatancy on
the effective stress ratio in granular cohesionless soils.

The model is applicable to general three-dimensional stress-strain
conditions, but its parameters can be derived entirely from the results

of conventional triaxial soil tests.

Yield Function. The yield function selected is of the fo]ﬁowing

form:
f=3s-pa(s-pay-nipl =0 (38)
where: s = o - p§ = deviatoric stress tensor
p=1/3 tr 6§ = effective mean normal stress
6 = effective stress tensor
a = kinematic deviatoric tensor defining the coordinates
of the yield surface center in deviatoric stress
subspace ("the back stress")
m = material parameter
tr = trace

The yield function plots as a conical yield surface (Drucker-Prager) in
stress space, with its apex at the origin, and is shown in Figure 1.
Unless a = 0, the axis of the cone does not coincide with the space
diagonal. The cross section of the yield surface by any deviatoric
plane (p = constant) is circular. Its center does not generally coin-
cide with the origin, but is shifted by the amount p a. This is

illustrated in Figure 1 in the principal stress space.
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Figure 1. Yield surfaces in principal stress space.

Flow Rule. The plastic potential is selected such that the
deviatoric plastic flow be associative. However, a non-associative flow

rule is used for its dilatational component, and in the following:

-2
trp = lnall-1 (39)
- (nn“)+1
where: tr = trace

P = symmetric second-order tensor which defines (in stress-
space) the "direction" of plastic deformations

n = (3/2 g:g)k/p = stress ratio

n = material parameter.

When n<n, the trace of P is less than zero and plastic compaction takes
place, whereas when n<ﬁ, the trace of g is greater than zero and plastic
dilation takes place. The case n = ﬁ corresponds to no plastic
volumetric strains. In the following, ﬁ = ﬁc when tr 53<0, and ﬁ = ﬁE
when tr §3>0.
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Hardening Rules. In order to allow for the adjustment of the

plastic hardening rule to any kind of experimental data, a collection of
nested yield surfaces is used. The yield surfaces are all similar
conical surfaces (Equation 1), and a purely kinematic hardening rule is
adopted. Upon contact, the yield surfaces are translated by the stress
point and the direction of translation is selected so that no over-
lapping of the surfaces can take place (see Reference 31 for more
details).

Each yield surface is associated with a plastic modulus H'. The
dependence of the plastic modulus upon the deviatoric stress is assumed

to be in the following form:

_Hl H""H'

E C E
6 + 7

-3
1 tr s

mp tr 52

6 = $ = 3s-pQ

and H&, Hé = material parameters.

Effects of the Effective Mean Confining Stress. The dependence of

the material moduli upon the effective mean confining stress is:

elastic shear modulus
elastic bulk modulus
plastic modulus

experimental parameter (n = 0.5 for most
cohesionless soils)

= moduli at reference effective mean normal stress pl'
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f%ﬁ: LABORATORY TRIAXIAL TEST SIMULATION - COHESIONLESS SOILS
L Test Program
-l
‘$i3 To validate the Princeton University Effective Stress Soil Model, a
:.’ series of sands were evaluated in both drained and undrained triaxial
iﬁ tests. The tests were carried out in both extension and compression,
$%‘ and over a range of confining cell pressures and relative densities. To
!;“: eliminate some of the uncertainty as to the effects of sample prepara-
tion and testing procedure on the model's sensitivity, the test data
%:- were obtained from different university experts and the Waterways
i;; Experiment Station.
‘:i: The material parameters for the Princeton University soil model are
' derived from drained triaxial compression and extension data, defined by
J:{ shear stress, shear strain, mean stress, and volume strain information.
i{ This information forms the input for the comp.ter Program MUD, which is
'}¥ an automated procedure to derive the material model moduli and yield
surface parameters. The material model has been implemented into a
kj: one-point equilibrium solution procedure, Program TEST A, to provide a
S;% quick and easy means to evaluate a particular soil model in various
:l: stress states for direct comparisons and evaluation of laboratory tests.
TEST A was used for this portion of the evaluation, which is the simula-
3:2: tion of the triaxial test data.
:$; The basic steps performed to evaluate the laboratory test data
L :_: were:
?ﬁii 1. Select a representative set of drained triaxial tests for which
'&:a both compression and extension results are available.
o
_j:' 2. Use the results from step one as input to Program MUD to deter-
ﬂ:ﬁ mine model parameters.
o5
_:i; 3. Construct the TEST A input, with the output from Program MUD to
evaluate the models representation of input test data.
-l
T
e
e
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4. Analyze the stress ratio value in the model parameters to
determine a reasonable estimate of the critical stress ratio value. The
critical stress ratio parameters control the compactive-dilative char-

. acteristics of the model, and thus the volumetric strain. !

5. Adjust the critical stress ratios through successive TEST A s

:f analysis to optimize the drained model versus undrained prediction s
;qi agreement. y
N :
o
6. Once soil model agreement is achieved with the original test
ai data, the parameters determined to quantify the soil behavior may be 3
:2 used to predict behavior at different confining pressures and along f
}z different stress paths without further modification. "
i:: Monterey "0" Sand ;
o
ft The University of California, Davis, under contract with the Naval ?
" Civil Engineering Laboratory (NCEL) performed triaxial tests on Monterey
j@ "0" sand. Figures 2(a) and 2(b) present the drained compression and ;
:ii extension results from the triaxial test data that were used to formu- f
.?: late the model, and the generated results from Program TEST A. As X
) noted, agreement is nearly exact. In Figures 3(a) and 3(b) the model
o parameters determined at an initial confining stress of 1 kg/cm2 are
if used to simulate drained compression and extension tests at an initial \
'3 confining stress of 3 kg/cmz. Again, the agreement between predicted
B versus observed behavior is very good. .
:i Figures 4(a) and 4(h) present the shear stress-strain and effec- -
:; tive stress path for an undrained compression test. The undrained ;
;: stress path agrees almost perfectly, which is a direct indication of the .f
= model's ability to capture correctly, the soils compactive-dilative
ﬁ} characteristics. This in turn generates the positive and negative pore o
'EE pressures, and hence the changes in effective stress, which agree very E}
j? well with those observed in the actual test. In Figure 4(a) the shear !
stress-shear strain comparisons for the undrained analysis are again in
e good agreement.
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Figures 5, 6(a) and 6(b) are a demonstration of the same material
model derived from drained monotonic triaxial data, predicting an
undrained cyclic triaxial test. As can be seen in Figure 5, the model
does an adequate job of predicting the observed hysteretic behavior
There is a minor difference in initial stiffnesses between predicted and
observed behavior caused by a discrepancy in tracking initial volumetric
test data. This could have been improved by providing added definition
to the initial portion of the test data but was judged satisfactory as
it is. Note the general agreement between the stiffnesses in both
loading and unloading, which demonstrates correct energy dissipation in
each cycle. In the stress path plot in Figure 6(a) the same degradation
per cycle is demonstrated. Note the number of predicted cycles to
failure is 4.5, this agrees well with the observed 5.5 cycles. The
overall generation of pore water pressure is in good agreement as well,
which 1is shown both in the decline in effective stress to failure in

Figure 6(a), as well as in the maximum level attained, Figure 6(b).

hy cn:™
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\
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-

Shoar Stress

computed

obsenved

Figure 5. Undrained cyclic analysis Monterey "0" sand confining
cell pressure = 1 kg/cm?2, shear stress-vertical strain.
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Leighton-Buzzard Sand

Triaxial tests on Leighton-Buzzard sand were performed by the
University of California, Davis, under contract to NCEL. Figures 7(a)
and 7(b) show the drained, monotonic compression and extension com-
parisons. Figure 8(a) shows the undrained shear stress-shear strain
data, and Figure 8(b) shows the undrained stress path from the same
test. The model in this example predicts a softer initial response with
a smaller generation of pore water pressure than the recorded test data,
but these differences are well within the ranges of acceptable differ-
ences between two laboratory tests.

The simulation of the undrained cyclic test from the monotonic
model again shows good agreement in producing an accurate assessment of
energy dissipation and failure state. The model in this case predicted
1.75 cycles to failure compared to the observed failure at 2.75,
(Figures 9, 10(a) and 10(b)). The final effective stress values and

pore water pressures are in good agreement as well.

Silica Sand

Silica sand was tested at the University of California at Los
Angeles, under contract with NCEL. Figures 11(a) and 11(b) show the
reproduction of the drained triaxial compression and extension data used
to generate the material model. As would be expected agreement is very
good. To demonstrate the model's ability to predict tests at different
confining cell pressures, simulations were run at 5 kg/cm2 and 1 kg/cmz,
the results are plotted on Figures 12(a) and 12(b), respectively. Again
generated curves are in very good agreement with the observed results.

Figures 13(a) amd 13(b) show the model's ability to simulate a sub-
stantially different stress path. The data plotted in these figures is
from a drained uniaxial test (ko) where vertical stress is increased
while holding horizontal strain at zero. The model uses the same para-

meters used to predict the standard drained and undrained tests for the
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i silica sand. Shear stress-vertical strain agreement and volume stress-

volume strain agreement are very good. In addition to the uniaxial

:jﬁ test, a proportional loading test was run. The results are presented in
r Figures 14(a) and 14(b). The initial computed stress path deviates

;E? slightly from the observed data, hewever, the results do present a
. reasonable simulation of the actual test once the initial anisotropic

f;a stability is reached.

'jE Figures 15, 16(a), and 16(b) present an undrained cyclic triaxial

[ simulation using the same drained monotonic model used throughout the
) analysis of the silica sand. The model predicts liquifaction in 4.7

f ", cycles as compared to measured values of 5.7 and 3.4 in two identical

;Eﬁ laboratory tests. Rates of energy dissipation and pore water pressure

Q:ﬁ generation are again in reasonable agreement, and as in prior analysis,
-t the failure state of the soil is captured quite well.

:&i: In addition to the determination of medel parameters from the
Eﬂ? consolidated drained tests where volume strains are measured, analyses
33 were performed to predict drained and undrained tests from an undrained

mode]l. In an undrained test, the volume strain is held constant (i.e.,
to zero) and excess pore water pressure is developed. This pore water
pressure is a result of the skeletal deformation, which is an indication
of the degree of skeletal volume strain.
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Program MUD was used with undrained test data to develop the model

-
o

“ %

s a

e

parameters. (Previously drained data was used.) These parameters were

‘::: then used to predict drained tests. The results of the undrained model
.:; for silica sand are presented in Figures 17(a) and 17(b). The compres-
i sion and extension results both agree very well with the actual test
i;? data, and the previous results calculated using the model formulated
;5§R from drained data (Figures 11(a) and 11(b)).
9

‘. 2 The undrained model predicting undrained compression is in good

o agreement with the data and drained model predictions. There is a
f‘q slightly larger pore pressure build up in the undrained model (Fig-
?:ﬁ ures 17(a) and 17(b)) shown by the larger decrease in effective stress
'Hég presented in the stress path plot (Figure 17(b)).
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Figure 7. Drained compression and extension Leighton-Buzzard sand,
confining cell pressure = 1 kg/cm2.
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Miesers Bluff Sand

The Miesers Bluff sand was tested at the Waterways Experiment
Station Geotechnical Laboratory. Figures 18(a) and 18(b) show the
drained test data used to generate the mode)l and the computed results.
Figures 19(a), 19(b), and 20 present the model's ability to predict the
drained response of the material over a range of confining pressures
from 0.14 MPA to 6.9 MPA based upon the model parameters determined at
3.45 MPA. Again agreement is very good across the entire range of the
drained analysis. Unfortunately, many of the reference curves lack
definition, because the test data used for this series had to be
digitized from hard copy plots.

Figures 21(a) and 21(b) present an undrained simulation run at a
confining stress of 3.45 MPA. Note that the trends of this particular
sand are well modeled with reasonable accuracy, but due again to the
coarseness of the digitizing process, both the test data and, therefore,
model predictions of stress strain behavior may be somewhat in error.
Figures 22(a) and 22(b) present the results of an additional undrained
test run at 1.72 MPA. Again, note the agreement between the predicted
and observed behavior.

Figures 23 and 24 represent an undrained cyclic triaxial simulation
of the Miesers Bluff sand. Cyclic test data were not available for this

analysis but the simulaticn was included for completeness.

SENSITIVITY OF PARAMETERS

Critical Stress Ratio

The critical stress ratio (CSR) is the parameter in extension or
compression which determines the stress state at which there is a change
between compactive and dilative volume strains. Adjustment of this
parameter has little effect on the shear stress-strain curves in the
drained simulation, but does make significant changes in the amount of

volume strain generated by the model. An example of varying the critical
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stress ratio by 6% is presented for a drained test using the silica
sand model (Figures 25(a) and 25(b)).

Figures 26(a) and 26(b) present the results of the same modifi-
cation in the critical stress ratio during an undrained simulation.
Note the significant changes in strength caused by the 10% increase in
critical stress ratio leading to a prediction of near total loss of
strength. Decreasing the value of the stress ratio by 6% more than
doubles the amount of shear strength developed. Figure 26(b) presents
the stress paths associated with each of the modifications. Note that
each of the models follows essentially the same path up to the point of
contacting the critical state line. At this point, if the sample has
not begun to dilate, it then loses strength by moving toward zero

effective stress.

Elastic Moduli

Figures 27(a) and 27(b) demonstrate the effects of varying the
elastic moduli for all surfaces in the drained material model by +25%.
The effects on the shear stress-strain curves are minimal; however,
there is a more significant change in the degree of compactive volume
strain generated. Note as well, the changes in volume strain are not
equivalent for both cases. This is caused by an increase in plasticity
associated with the decreased elastic stiffness necessary to reach the
same load level. The increased elastic stiffness in turn, allows the
given load to be reached at a smaller strain level, but does not
decrease the plastic strain to the same degree. Figures 28(a) and 28(b)

present the effects of the same variation on the undrained simulation.

Plastic Moduli

Varying the plastic moduli for all surfaces has significant effects
on both the drained and undrained simulations (Figures 29 and 30). A
greater change appears as a result of increasing the plastic moduli for

each yield surface than by decreasing it. The effect is two-fold in
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that it not only increases the overall stiffness of the system in the
drained simulation (Figure 29(a)), but decreases the overall compactive
volumetric strain as well (Figure 29(b)). These factors both contribute
to the greatly enhanced stiffness in the undrained simulation
(Figure 30(a)) by improving the skeletal response while at the same time
decreasing the excess pore water pressure generation.

Reducing the plastic moduli has less eifect in both drained and
undrained simulations causing a slightly larger amount of compaction
before dilation begins. This produces a moderately softer system in

both the drained and undrained environments.

Yield Surface Size

Changing the yield surface size changes the shear strength values
which may be achieved at a particular strain level. Figures 31 and 32
clearly demonstrate this property of the model.

In the drained analysis (Figures 31(a) and 31(b)), increasing the
yield surface size decreases the shear strain at a particular level of
shear stress, and reduces volumetric strains not by a change in moduli
values, but rather as a result of changing the position of compactive-
dilative interchange in relation to the original critical surface
position. Reducing the yield surface size results in the reaching of
the various surfaces earlier, at reduced stress levels, and induces
greater amounts of plasticity. At the same time, the reduction also
moves the compactivedilative point outside the outermost surface,
allowing large compactive volumetric strains to occur (Figure 31(b)).

In the undrained simulation (Figures 32(a) and 32(b)) the two-fold
effect of a stiffer skeleton and reduced volumetric strains are present.
The increase in yield surface size produces a stiffer system with a
reduction in positive pore water pressure generation before dilation
begins. The reduction in size causes an early generation of volume
strains and positive pore water pressures, coupled with a softer system

resulting in the zero effective stress condition.
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Undrained cyclic simulation Mieser-Bluff sand, confining
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‘f: Yield Surface Position
i<,
2 Variation of yield surface position has equal effects in both
::{ drained and undrained simulations (Figures 33 and 34). By moving the
?ij surfaces in a positive direction, the system is stiffened by changing
' the points at which the load path intercepts -~ particular surface,
o i.e., the path achieves greater stress Jlevels with less plasticity
i
:{ before impacting the next surface, thereby, remaining at a given stiff-
17 .\ - -
.': ness through a larger strain increment. By moving the snrface position
; in a negative direction, the load path then intercepts a particular
S surface at a smaller stress increment, and induces greater amounts of
‘52 plasticity, effectively softening the system.
)
*j} Effects on the undrained simulation are presented in Figures 34(a)
i and 34(b). Qualitatively, the changes produce the same response as
3 demonstrated in the drained simulation.
v
e,
r,
Ho
'I\'
LABORATORY TESTS - COHESIVE SOILS
g Kaolinite [
’ The triaxial tests for the kaolinite clay fitted in Figure 35 were
o performed at the University of California, Davis. The model parameters
-l for the kanlinite were derived from the consolidated undrained triaxial
;_ compression and extension tests. Figures 35(a) and 35(c) present the
» predictiuns for shear stress versus shear strain. There is some dis-
gﬁ crepancy in the predicted ultimate strength in compression which may be
\
o attributed to the error involved in digitizing the data points for the
:t effective volume stress based on the stress path plots of the original
;" data The extension predictions in Figure 35(c) are in excellent (
o agreement with the measured values. The stress path predictions )
5? presented in Figures 35(c) and 35(d) show the same behavior as were ;
ﬁf demonstrated in the shear stress strain plots, with acceptable agreement '
-
* in both cases. Better agreement may be achieved by increasing the
- !
. {
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o
‘ﬂ j
RL. number of yield surfaces in the initial portion of the loading. This
' requires better data definition and a much finer digitizing process.
;\‘ Kaolinite II
s
& The soil data used in this section are part of the data which were
fjﬁ collected by the organizing committee of the National Science Foundation
-;ﬁ North American Workshop in soil engineering held May 28-30, 1980 at
;31 McGill University, Montreal, Canada and reported in Reference 40. Axial
test data on the laboratory prepared kaolinite clay had been provided.
b Predictions about the constitutive behavior of the soil subjected to
ﬁi loading stress paths not identified in the data had been requested and
::i their analysis compares the model predictions with observed behavior in
the tests.
:'4 The dashed 1lines in Figure 36 show the experimental results
*S: obtained in conventional triaxial undrained monotonic axial compression/
igg extension soil tests and the solid lines show the design curves used to )
determine the mode)l parameters for that clay. Some data close to
e failure have been ignored in selecting the design curves because they
??' are not consistent with the rest of the data. This inconsistency may be
Sﬁ due to experimental difficulties in capturing failure states in stress-
G controlled testing devices.
o The experimental tests had been conducted on cylindrical samples in
Ez a torsional shear testing device. A1l samples had been unisotropically
b consolidated to insitu conditions and all the tests were stress con-
e trolled and performed under undrained conditions.
‘ci Figure 37 shows model predictions for a torsional shear test in
:Ef which the major principal stress was inclined at 6 = 15 degrees, rela-
Sj: tive to the vertical axis of the soil specimen (Ref 40). Figure 37 also
: sjows a comparison between predicted and observed behavior of the soil {
fﬂf in these tests. Note that all the model predictions agree well with the :
‘:&; experimental test results (Ref 40). ]
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:; LABORATCRY CENTRIFUGE TESTS
;ﬁ
" Analysis of Model Tests
:2').
. The objective of this work was directed at examining the predictive

:, capabilities of the Princeton University Effective Stress Soil model. L

. Of particular interest are the validity of the numerical model! in
ltf capturing the generation and dissipation of excess pore-water pressures
:EE in saturated sand deposits during and after earthquakes, and its per-
™ formance 1in dynamic soil-structure interaction problems. The most

appropriate method for such a validation study would be to field data

‘:: from instrumented prototype situations. However such a study is pre-
SE empted by the nonavailability of field data. In the absence of actual

Eﬁ prototype earthquake field data, an alternate method of validation is

X provided by analyzing centrifugal soil model tests. Although imperfect

:j in many respects, it is felt that dynamic centrifuge soil model tests

53: can still provide a valuable data base for calibration of numerical

f procedures. A number of dynamic centrifuge soi)l model tests have been

reported in the literature. The particular tests selected for this

Agi: calibration study have been reported in References 21, 22. 23, and (4
:?2‘ Monterey and the leighton-Buzzard sands were used '1n these tests The

T basic plan developed to achieve the research objective 1s summarized as

. follows

;: 1 Select a particuiar onstrtutive mode! whrir mest  appr o

‘;2 prrately frts observed sorvt hehay o e Convent g

trraxral <ol teste
J Determ ne the <o’ mede  (arameters *for pac s’ Iz
iMontere, and L eghto Hpsrare gy S e

-~ |
o ! Aca e v e Vo Coen ‘
-, i
N oot e ’ R te gy . \
B et e ] e 4 ISR |

L

LA A

Prerrets

R
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A summary of major input parameters for each of the centrituge mode’

test series 1s given in Table 2

Effective-Stress S0i1! Mode! Parameters The effectrve-stress s

mode! (Ret 31) s designed such that all 1ts required parameters -ar nw
derived from the results of standarg drarned (ompress:on extens o
trrax al sor’ o tests Jdata The vesu'!'ts from the (onvent ona’ trax'a
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Table 3. Soil Parameters

Monterey "0" Sand - Dr = 40%

p. = 2.64 x 10° kg/m>

(mass density, solid grains)

Py = 1.00 x 103 kg/m3 (mass density, fluid phase)
= 0.43 (porosity)
k= 5x10% m/sec (permeability)

gl = 34°
wé = 17.6°
gl/p1 = 800.00
B,/p, = 533.33
py = 9.81 x 10 N/n?

(friction angle; compression case)

(friction angle; extension case)

(elastic shear modulus)
(elastic bulk modulus)

(reference pressure)

n= 0.50 (power exponent)
Ne = 1.20
ng = 0.60
e o m (Hedy/py | (Hp)y/py
) 1 0.08937 | 0.08937 | 1181.00 1581.00
2 €.18613 | 0.18610 524.40 813.60
3 1 0.14217 | 0.40800 116.90 210.50
A 1. 19995 | 0.49770 69.15 142.40
126444 | 0.63710 23.46 57.76
657G | 0.81520 3.14 10.08
sahe L0 90910 1.11 4.21
¢ © 46990 0.52 2.17




Table 4 5011 Parameters

Leighton-Buzzarad 1207200 Sand - Dr - 55%

R 2.73 x 103 kg/m3 (mass density, solid grains)
by T 1 00 x 103 kg/m3 (mass density, fluid phase)
n" = 0.47 (porosity)
k = 2.5 x 10_3 m/sec (permeability)
wé = 34 35° (friction angle;. compression case)
wé = 21.14° (friction angle, extension case)
gl/p1 = 500. (elastic shear modulus)
Bl/p1 = 333.33 (elastic bulk modulus)
Py = 9.81 x 104 N/mz (reference pressure)
n= 0.50 (power exponent)
n. = 1.30
Ng = 0.80

A | Ry | ey
1 0.03099 | 0.06582 966. 80 1168.00
2 0.06261 | 0.14300 357.70 459.20
3 0.09681 | 0.26590 219.40 337.30
4 0.08969 | 0.32670 162.00 265.40
5 0.15857 | 0.50160 42.03 81.95
6 0.23864 | 0.63800 17.47 41.31
7 0.27796 | 0.76120 7.60 21.99
8 0.32030 | 0.9023 3.78 13.21

0.32580 | 0.9930 1.17 4.47
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- Figure 38. Undeformed mesh soil column (Monterey "0" sand). 3
'i pore-fluid is allowed to take place through the rigid bottom boundary /
:?: (nor the side boundaries) and the ground shaking is applied as a ‘
.. horizontal sinusoidal input acceleration at the bottom boundary nodes.
ool ‘
o The permeability (Table 3) wused in the simulation k = 5 x 104 X )
S
- 100 m/sec in order to correct for the fact that in the centrifuge (at )
..l
n;; 100 gs) diffusion of pore-water takes place 100 times faster than in the g
. corresponding prototype. )
iﬁ' Figure 39 shows the computed horizontal acceleration t -~ histories |
ol "‘ t
: at the bottom (Figure 39(a)) and at the top (Figure 39(b)) of the soil '
'h“ column for an input horizontal base acceleration with an amplitude
= 0.285 gs and a frequency of 5 Hz. The results for 25 cycles of loading
;i: (5 seconds of shaking) are reported in Figure 39. Note the strong
:j' modification of the signal computed at the surface as a result of its
5. passage through the saturated soil deposit. The computed maximum sur-
oy face acceleration compares favorably with the recorded value in the
o
N test. |
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Figure 40 shows the computed vertical motion at the surface. As a
result of the shaking, excess pore-water pressures build up and partly
dissipate in the soil column. These in turn generalize vertical motions
(via volumetric strains in the soil skeleton). Although small, the
computed vertical acceleration (Figure 40(b)) at the top (0.0377 g) is
not negligible and is about one-half the horizontal peak acceleration.
Figure 40(a) shows the resulting settlement of the soil column that
accumulated during and after the shaking as excess pore-water pressure
is being dissipated from the column. The computed ultimate settle-
ment = 24 cm.

Figure 41 shows the computed excess pore-water pressures, vertical
effective stress, and shear stress time histories at various depths.
The plots have been normalized by dividing the quantities of interest by
the initial vertical effective stress. In Figure 41(a), h = 0.51 meter
and in Figure 41(b), h = 10.66 meters where h = distance from the bottom

boundary (close to points B and A in Reference 21. Note the computed

[

increases in pore-water pressures. In Figure 41(a), Au/o"/o = 0.69 and
in Figure 41(b), Au/o"l° = 0.85 compares most favorably with recorded
values ir. the test (0.74 and 0.86, respectively). Note the diffusion

taking place after the base motion has stopped.

Leighton-Buzzard Soil Column Test

The test procedures and test results are reported in Reference 23.
The sand was rained in water, in a stacked-ring apparatus. The model
was tested on a centrifuge at a centrifugal acceleration of 35.5 gs, and
subjected to a decaying sinusoidal base acceleration. The corresponding
prototype situation 1is analyzed. The particular test selected for

analysis is referred to as PL-3A in Reference 23.

As in the previous section, the test is intended to simulate free-
field conditions in a horizontally layered soil deposit, and the same
analysis procedure was used. Figure 42 shows the finite element mesh.
Ten equally spaced elements are used to simulate the 10.8 meters of the ;
sand column (12-inch model at 35.5 gs). The water table is located at

the ground surface. No drainage of the pore fluid is allowed to take
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i

"-»j;. place through the rigid bottom boundary or the side boundaries, and the
“-- ground shaking is applied as a horizontal input acceleration at the

cagd? bottom boundary nodes. The permeability (Table 4) used in the simula-
vy tion is k = 2.5 «x 103 x 35.5 m/sec to correct for the fact that in the

:g," centrifuge (at 35.5 gs) diffusion of the pore water takes place 35.5

9!

K times faster than in the corresponding prototype.

a Figure 43 shows the computed horizontal acceleration time histories
:..i at the bottom (Figure 42(a)) and at the top (Figure 42(b)) of the soil
N
"-.:', column for an input horizontal base acceleration with a peak amplitude
"i. of 0.20 g and a frequency of 1.72 Hz. The results for 15 cycles of
s loading (9 seconds of shaking) are reported in Figure 42. Note that as
S
“-:::: a result of the massive ligquefaction occurring in the underlying strata,
55 .

_,-': the motion is not transmitted to the surface after about 2 seconds of
g’t shaking (1.16 cycles of 1loading) as observed in the test. Surface
O accelerations were not measured in the test, which make direct com-
-,_.\

o parison with the predicted time history shown in Figure 43(b)
N

*}: impossible.
¢,

A Figure 44 shows the computed vertical motion at the surface. Very
Wy little tiffusion takes place and the resulting vertical motions and
l’j
::',:E. settlement are very small (7.3 cm).
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:{: Figure 45 shows the computed excess pore-water pressure, vertical ‘?
--. effective stress, and shear stress time histories at varitous depths

N The plots have been normalized by dividing the guantities of interest by

‘%; the initial vertical effective stress In Figure 45(a), h = H/3 and 1n

ﬁi: Figure 45(b), h = 2H/3 from the bottom boundary, where H = 10 8 meters -

height of soil column. Note the rapid increase (in almost one cycle of
S loading) in pore-water pressures and associated liquefaction of the soil
column, which result in no shear being transmitted through the column.

e The predicted massive liquefaction of the column was actually recorded

NN at the test of the same time, and resulted in failure of the stack-ring
DA apparatus.
;% Brass footing Test
L.
Oy The test procedures and test results are reported in Reference 24.
:%i The soil was Leighton-Buzzard 120/200 sand. The soil deposit was placed
Eﬂ{ in a stacked-ring apparatus by pluviating the sand in layers into water
" and then rodding to achieve the desired density. A brass footing with a
y diameter of 113 mm was placed on top of the saturated sand deposit
(height = 151 mm, diameter = 406 mm) and tested on a centrifuge at a
centrifugal acceleration of 80 gs. The deposit was then subjected to
sinusoidal base acceleration. The corresponding prototype situation was
‘;1: analyzed.
'::: Figure 46 shows the finite-element mesh used for analysis, pore-
JE:E pressures, and vertical stresses at measured points and a comparison of
}:f measured and computed results. The soil 1is discretized by using
- 240 elements and the brass footing by using two rows of 10 elements
Sii each. The soil parameters are given in Table 4, and in the analysis
i;f =2.5 x 10.3 x 80 m/sec to properly scale diffusion time. The brass
?;f footing is modeled as a one- phase elastic solid with p = 8.5 x 103/kg/m3
e (mass density); E = 12 (Young s modulus), and v = 0.0 (Poisson's
:} ' ratio). A static pressure is applied to the top of the footing to
\§: achieve a static bearing pressure of 1.30 x 105 N/m2 in the test (at
-*h' 80 gs).
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Figure 46.

Undeformed mesh, brass footing,

and pore pressure.
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The water table is located at the ground surface. Drainage of the
pore fluid is not allowed to take place through the rigid bottom
boundary or the lateral side boundaries. A ground shaking is applied as
a horizontal sinusoidal input acceleration at the bottom boundary nodes .
with a maximum acceleration = 0.17 g and a frequency of 1 Hz for
10 seconds (10 cycles).

The stacked-ring apparatus is used to simulate free-field cond:
tions, therefore, the same procedure as used previously in the <. -
column test simulations was used. Specifically, the same equat:
number was assigned to each nodal degree of freedom on the -ame
horizontal plane for the two side boundaries.

Figure 47 shows the computed horizontal acceleration time =~ -+ - .
at the bottom (Figure 47(a), node 131) of the soil depos:'t a~-* « - .
top (Figure 47(b), node 285) of the brass footing on the e+,

Note that as a result of the dynamic soil-structure ~“‘*e-a
recorded motion on the footing is different from the -np. ¢ =
base.

Figure 48 shows the computed vertical accelerqa: R
at the left corner (Figure 48(a), node 7’5 o
node 285), and right corner (Figure 48(c). e
Note that as a result of the horizonta' hase - o
are imparted to the footing Figure 89 <*iw
vertical displacements at ‘the et ©
(Figure 49(b)), and right ccrne:- ey e
test, the settlement 11ncrease
the ' :king continued o ne

after the chaking <! (e
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Figure 47. Input horizontal accelerations and resultant accelerations
at center of the footing.
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}:rf different preparation techniques, resulted in differences in void ratios
* for the respectiv: soils. This factor effects the soils ultimate
:Sﬁi strength and moduli. The computed results showed stress levels on the
o relatively flat yield portion of the stress-strain diagram where small
fti: increases in loading results in large increases in displacement. The
Bt actual centrifuge loading conditions remained slightly below those which
2:5{3 would generate "flow-type" strains and large displacements. In addi-
:2;5 tion, the authors (Ref 24) acknowledged difficulties in precisely
,33 controlling the properties of the centrifuge soil deposit.

These factors combined to generate computer simulation which,

K though only moderately weaker in ultimate strength, caused much larger
; fﬁ strains, hence, displacements to be generated to reach an equilibrium
‘*§Q state of stress.

:b&‘ Figure 50(a, b, and c) shows the deformed mesh at t = 5 seconds,
Ft 10 seconds, and 15 seconds.

j?%; Figure 51 shows the contour of the pore-water pressures at
ii;: t = 0 seconds, 10 seconds, and 15 seconds. Note that as observed in
o the test, in the "free-field" close to the sides, the pore-water pres-
o0 sure rises quickly (Figures 51(b),(c)). Directly under the structure,
‘E:E the pore-water pressure increase is slower and always remains smaller
i;i than the pore-water pressure in the free-field at the same elevation
'¢;:' (Figures 51(b), (c)). Immediately following the shaking, the excess
,:;»J pore-water pressures dissipate rapidly and reach their steady state
1S

|:%:: conditions 5 seconds after the end of shaking (Figure 51(d)). This
dhe condition was further illustrated in Figure 46, which shows time
S histories for the vertical effective stress and excess pore-water
T pressures for the points shown on the mesh (Figure 45(a)).

i

:ﬁi Retaining Wall Test

e

,;:;« The test procedures and test results are reported in Reference 22.
Ny Leighton-Buzzard sand was used and was poured dry from a hopper behind
.:f%i the wall. Density was adjusted by altering the rate of flow and height
ffﬁ’ of the drop. The loose backfill case (Dr = 55%) was selected for this
:j{ﬁ analysis. A reinforced micro-concrete wall model, 175 mm high with a
i
o
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"f:
1:& stem thickness of 15 mm was bolted rigidly to the test container with
- the sand backfill placed behind it. The model was then placed on board
Wiy a centrifuge and "spun up" to a centrifugal acceleration of 80 gs. The
, $ container was then subjected to a sinusoidal input acceleration motion
L]
> perpendicular to the plane of the wall. The corresponding prototype
k)
situation is analyzed hereafter.
Q_: Figure 52 shows the finite element mesh used for the analysis.
[ >
%f The backfill is discretized by using 280 elements. The soil para-
:3: meters are given in Table 4. The retaining wall is modelled by using
o 12 linear beam elements with p = 2.76 103 kg/m (mass per unit length),
\::
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E =170 x 1010 N/m2 (Young's modulus), G = 6.54 x 109 N/m2 (shear
modulus), I = 1.44 10-1 m4 (bending moment of inertia); and A = 1.20 mz
(cross-section area). The soil and wall subdomains are interfaced by
using 14 slide line elements, with K = 1010 (penalty parameters). Also,
the interface between the wall and the backfill is assumed frictionless.

The bottom boundary is assumed rigid and the side boundary smooth
in the vertical direction.

The computed wall crest deflection under gravity load is 4.55 cm,
which compares favorably with the measured test value (4.7 cm).

In order to simulate the dynamic test conditions, the same sinu-
soidal horizontal acceleration was imposed on the bottom boundary nodes
and the soil right side boundary, with a maximum acceleration = 0.20 g
and a frequency of 0.75 Hz for 16 seconds (12 cycles).

Figure 53 shows the computed horizontal acceleration time histories
at the bottom (Figure 53(a)) and at the top (Figure 53(b)) of the wall.
Note that as the result of the interaction with the nonlinear soil mass,
the computed response at the top of the wall is amplified and exhibits
superharmonics (typical of nonlinear systems). Figure 54(a) shows the
computed horizontal displacement at the top of the wall. The amplitude
of alternating crest deflection is 3.725 cm which compares most favor-
ably with the recorded amplitude (0.50 x 80 =4 cm) in the test
(Ref 22).

Figure 54(b) shows the computed vertical displacement of the top
soil element at the interface with the wall. Although sinusoidal in
shape, this motion occurs with a much longer period (about 12.5 seconds)
than the input horizontal motion (1.33 seconds).

Figure 55 shows the computed vertical, horizontal, and shear stress
time histories, normalized by dividing them by the initial vertical
stress, close to the base of the wall (Figure 55(a), element A in
Figure 52) and at midheight (Figure 55(b), element B in Figure 52). At
midheight, initially, an active state of stress prevails and Ka = 0.40.
As a result of the stress concentration at the corner, initially,
K = 0.675 at the bottom, loser to a passive state. As a result of the
shaking, the lateral stress fluctuates and exhibits a net decrease at
the bottom of the wall (K ~ 0.35 after 12 cycles), but stays about the

same at midheight.
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Storage Tank Test

The centrifuge model consisted of a storage tank placed over a soft
foundation strata. The tank model was constructed of rolled aluminum
plate, which formed the walls. The base consisted of a flexible, rubber
membrane to approximate the conditions of a prototype tank's flexible

base. A cross section of the model package is presented in Figure 56.

¥y

RRARA ST
NP

e D =64in. ]

Oil Storage Tank

. 4 Displacement
0.6 in.
Transducers

11
1.6

Foundation
Ring

Pore Water
—  Pressure
Transducers

16.0 in.

Figure 56. Model tank package.




The model

was then mounted on a centrifuge and accelerated to

f' 60 gs. The model was maintained at this acceleration for 6,000 seconds .
«Q to allow for consolidation to take place. Once hydrostatic conditions i
:3 were reached, the simulation of the tank loading and unloading began, j
2:: ' Figure 56. Pore pressures and surface displacements were recorded K
e through an automated data acquisition system. More detailed information 2

can be found in Reference 44.

The material model

properties for the kaolinite simulation were

derived from undrained triaxial compression and extension tests pre- N
a sented above. The results of the material model fitting process are
:g. shown in Figure 35. The triaxial test data for the extension test was ;
g? scaled from it's original confining pressure to be at the same confining .
i pressure as the compression test as required for input to Program MUD. 3
b The effect of this scaling on the final solution was minimal.
F.. The material model properties for the layers of Monterey "0" sand
;S were constructed from test data presented above. Modifications were 2
3 made to the critical stress ratio, parameters to reflect a somewhat t
~ higher relative density, which was back calculated from the weight of s

the sand used in this test. Triaxial test data were not available for

the sand used in this test.

The finite element model consisted of 16 sand and 48 clay elements

b as shown in Figure 57. The tank loading and unloading was simulated by

N a uniform pressure distribution over the inner four elements as shown in K
:E Figure 57. To properly initiate the stresses and consolidation char- ?
: acteristics of the model, the problem was started at an initial gravity Y
N\ of zero, and then increased to the required 60 level over a time period <
.. of 250 seconds. The model was then maintained at this acceleration '
il level throughout the test. After the appropriate time period for .
:; consolidation (6,000 seconds) the loading-unloading simulation began. ;
2 The loadingunloading simulation consisted of three filling and two :

releasing steps. The entire trace of the loading is shown in Figure 58.

Each loading increment consisted of a 125-second load step and

l‘l_"‘ I. l‘

1,875 seconds of dissipation to allow for consolidation time.
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[ Because this is a layered system, which is similar to those found

Pa™ ™y ~r—u

in nature, it is important to correctly capture the effects of all of

{§ the layers on the system response. The displacement traces shown in
o

>, Figures 59 and 60 show the instantaneous settlement of the sand. Dis-
' j _ placement characterization overall is in good agreement while the actual

measurements are acceptable. There was some difficulty in the degree of

rebound that the numerical model exhibited. The errors here are caused

‘: by the difficulty in determining the correct input parameters for the ]
" material model as well as soil deposit inconsistencies in placement and J
w uniformity acknowledged by the original investigators. The pore- i
g pressure traces (Figure 61) are in excellent agreement with those .
:E measured during the test. Dissipation is represented with excellent :
:ﬁ accuracy in all cases demonstrating Program DYNAFLOW's capability in a
- modeling threedimensional consolidation problems. ‘
o Comparing Program DYNAFLOW's prediction and those of the finite |
.; element code used by the original investigators (Reference 45) show the 1:
$i Program DYNAFLOW analysis has greater capabilities. This is primarily N

" due to the ability of the Princeton Effective Stress Soil Model to 2
> characterize both sands and clays, as opposed to modeling the sand as a )
‘:' quasi-elastic soil as was done in Reference 45. The prototype, as g
'E' simulated in this configuration, was not highly sensitive to this E
- assumption of elasticity, as the problem is largely dependent on only X
ﬁz one parameter--the consolidation coefficient. However, further attempts ﬁ
ﬁ at modeling more complex and varied systems will require the ability to ‘\
j model all materials present in the system as is done in the Princeton 4
' Effective Stress Soil Model. 4
X k
*'_3 DYNAFLOW ADINA COMPARISON N
. :
o To evaluate the relative computational efficiency and algorithm A
5' accuracy of Program DYNAFLOW, several comparitive total stress analyses i
bﬁ were run using DYNAFLOW and a well recognized non-linear finite element A
l“ 9
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Program, ADINA. Because ADINA has only total stress capability, a 3

constitutive model other than the Princeton Effective Stress Soil Model

;‘ ' had to be selected. The Von Mieses model is included in both computer "

programs and was judged best for a straightforward comparison. .

o The problem selected for the analyses consisted of a pressure )
_:i loading over a portion of a semi-infinite elastoplastic half space. The A
.:' problem is analagous to a flexible mat foundation on which the distri-

buted load is increased incrementally until bearing capacity failure is

reached.
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The theoretical solution for limit load is given by the equation:

P = (2+n)C
f
where: P = Failure load per unit area
¢ = Cohesion, or maximum shear strength of the material
n = Pi

The analyses were run in three configurations to determine some of
the sensitivities to changes in model parameters. The relative compu-

tation times, material parameters, and predicted failure 1loads are:

P
. P cpu
Analysis E C v (thgo- Program f
retical) (computed) | (seconds)
I 1000.0 { 100.0| 0.3 514.0 Adina 370 800
Dynaflow 540 612
11 1000.0 | 100.0| 0.49{ 514.0 Adina 530 633
Dynaflow 525 465
111 5000.0 | 24.3]0.30| 125.0 Adina 120 620
Dynaflow 137 418 k
E = Young's Modulus
C = Cohesion

Poisson's Ratio

The resulting load-deformation curves for cases I and II are
presented 1in Figures 62 and 63. Note 1in Figure 62 an additional
analysis using Program ADINA is included with a plastic modulus of 1.0
which adds a significant amount to the total stiffness of the foundation
system. In Figure 63 the solutions seem to change their respective !
"soft versus stiff" relationship present in Figure 62.
This case is a representation of response for a semi-incompressible
material (Poisson's ratio = 0.49). The stiffened response 1in the
program ADINA Tload-displacement history is a result of the locking

phenomona generated from incompressible elements. As Poisson's ratio
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Figure 63. DYNAFLOW-ADINA comparison load versus displacement, case II.

approaches 0.5 the stiffening becomes more pronounced. The solution
using Program DYNAFLOW involves a reduced integration on the volumetric
stiffness contribution, and prevents the locking phenomona.

Case III is a comparison of the results from ADINA, DYNAFLOW, and a
solution presented in Reference 44. Poisson's ratio is again reduced to
0.3 and the differences in the ADINA and DYNAFLOW (Figure 64) solutions

become more pronounced. The differences are apparently due to material
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Figure 64. DYNAFLOW-ADINA comparison load versus displacement,
case III.

model interpretation in the respective codes. The ievel of plasticity
predicted by each solution is the same, at the same level of vertical
deformation, which indicates the agreement of the respective strain
level computations (Figure 64(b)). The stress 1level s however,

significantly different past initial yield (Figure 64(a)).
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PILE AND PIER FOUNDATIONS

Load Capacity

This discussion considers only straight piles driven into homo-
geneous deposits of cohesionless materials. Experience has shown that
when piles are driven into sand, the soil near the pile is compacted to
a distance of a few pile diameters. In a homogeneous sand tne point
resistance and average skin friction increase with depth of penetration
up to a critical depth. Beyond the critical depth, the point resistance
and skin friction remain almost constant; generally this is caused by
soil compressibility, crushing, and arching. The empirical approach to
prediction of pile behavior has proven more satisfactory than an
analytical bearing capacity approach.

The load transfer mechanism between the pile and the surrounding
soil governs the behavior of the pile. The design of a pile requires
determination of the proportion of load transferred to the soil by
adhesion and friction between the pile and the soil and that transferred
by end bearing. This is influenced by the flexibility of the pile, the
stiffness of the soil, and the nature of the transfer mechanisms between
pile surface and soil.

Through use of instrumented field and model studies, the design of
piles and piers has been better understood. Figure 65 illustrates use
of pile-driving resistance formulas to estimate individual allowable
pile loads. Figure 66 illustrates the calculation of ultimate 7load
capacity of piles in cohesive soils, and Figures 67 and 68 illustrate
the calculation of load capacity of piles in cohesionless soils. How-
ever, these conventional ultimate design approaches assume the simul-
taneous and full mobilization of pile shear resistance and base bearing,
which is not well founded. Studies have shown that movement of a pile
must be present to mobilize its load-carrying capacity.

Reese and O'Neill (Ref 47) show that the division of load between
sides and base for a pier on stiff clay is dependent on the total load-
ing (Figure 69). The first two load increments show that almost all of

the load is carried by friction; as the load increases, more is carried

113
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Basic pile ariving tormulas

For double-acting
Yeor dron rammer Far sangle-acting hammer ditlerential hammer
Pddal 2E .
G’a,- —TO—/— ‘L’se when driven Oaf st/ Use wher driven
s .1 werghts are smalivr “f “werghts are smaller
C., - 2wWH than striking than striking
g s+/ welrghts, weights.
01/_: _2WH lUse when driven 0‘,"__2_5__ {Use when driven
. Wp ‘weights are larger 5+0./ O weights are larger
s-0/ than strikin W, '
than B s than striking
weignts, weights,
@-. - allowable p:ie load :n pounds
W - weight of striking parts of hammer 1n pounds.
H = the eftective height of fall in feet
E - the acrua!l energy delivered by hammer per blow 1n foot-pounds
& ¢ average ne! penetration in inches per blow for the last 6 1n. of driving
W5 : driven weights Note Ratio of driven weights to striking weights should not
g - weights of striking parts exceed 3.

Mcditniz ations ot basic pile driving tormuias

A. For piles driven to and seated 1n rock as high capacily end-bearing piles

Dr:ve to refusal (approximately 4 to 5 blows for the last quarter inch of driving)
Recrive open end pipe piles repeatedly until resiatance for refusal 1s reached
within | 1n. of additional penetration.

B Piles driven through stiff compressible materiales unsuitable for pile bearing to an under -
lying bearing stratum:

Add blows attained before reaching bearing stratum to required blows attained in
bearing stratum (see example)

GRADE — ) r PILE
TFEIX TR Example required load capacity of pile Q=25 tons
Frut hammer energy E = 15,000 ft-lb
s
COMPRESSIBLE w‘z
</
STRATUM
s’ 4 —8 Blows /1t w
WN7/F 5
BEARING Penetration(s,as per basic formula - i" or 2 blows per
STRATUM LL,\” siows / 11 inch {24 blows/ 1)

Required blows for pile 24 + 18 42 blows/ft

. i’..es ur.~en .nto Limited thin bearing stratum, drive 1o predetermined tip elevation,
Determine allowabdle load by load test

Ay / ™o . f
B —_—
Ve
creAT M

UNGL Tl E
FOR BEAR. NG

Biaw N s ' LtRraTum
Tt e ——— —_—
s
/, .
GCTIF LAY STRATUM 1% CHMPRI SSIBLE
,
oBLT UMT L TABLE FOR POINT dtAakimG

s Laal

Figure 65. Pile-driving resistance formulas (Ref 45).
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Figure 69. Load distibution for
drilled shaft in stiff clay.

by end bearing. Above 80 tons, any additional load is taken by end
bearing. Note how curve C simply translates to form curve D, indicating
additional load is taken by end bearing. With the information in Fig-
ure 69, a typical load transfer relationship can be obtained showing
side friction (Figure 70). From the slope in Figure 69, it is evident
that frictional effects are greatest in the middle (depth) of the pile.,
and a reduction in the rate of load transfer occurs in the lower part,
particularly just above the base. The distribution of frictional forces
depends upon the soil type. Modifications to ultimate strength formula-
tions have been suggested by Reese and O'Neill (Ref 47). Factors
include an effective depth concept in lateral earth pressure calculation
for granular soils and a friction reduction factor for ultimate resist-

ance in cohesive soils.
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3
; t
a . . h
‘\3 A theoretical solution of the load transfer phenomenon can provide :
3‘ considerable insight. For instance, a soil-structure problem would be .
[
o one in which the nature and mechanism of load transfer is of consid- '
& erable importance. Solving this problem must focus on the stress strain ,
B d
jﬁ characteristics of the soil and the behavior of the interface between
o
o pile and soil. Using a linear-elastic constitutive model would be a
t gross simplification of the real material properties. The Princeton
1 ; University Soil Model offers an opportunity to explore nonlinear
v relationships.
}1: Several approaches have been used to model the contact problem.
2 Peterson (Ref 48) treats the two contacting surfaces as separate and -
RO distinct and joins them mathematically by use of Lagrange multipliers.
f
;l However, this model does not allow preslip deformation. Herrman
“»
: (Ref 49, 50, and 51) defines three behavior modes: nonslip, slip, and
Pt separation. A compatibility model combining compatibility and equilib-
S rium is used. The compatibility model involves linking the two surfaces
u;:
)
N
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; with fictitious bond springs, and the frictional forces are applied as Iy
R surface tractions. This allows a preslip deformation that would not :
o otherwise be computed.

- Another approach simply links two nodes, initially overlapping with

nonlinear springs. The procedure is simple to operate but, u.fortu-
nately, may produce undesirable numerical characteristics when distinct

K rapid changes occur in stiffness.

Prevost has formulated a contact element in the Program DYNAFLOW.

.

The contact element may be used to impose inequality constraints between

fl
~ nodes. Either friction (i.e., "stick") or frictionless (i.e., "slip")
.. conditions may be achieved.
g
j: A contact element is defined by two nodes: a spring constant or
:: "penalty parameter," k, and a fixed direction vector, Xp * gA where XA
X is the initial position vector and gA is the displacement vector. The
o contact plane passes through the point Xp is the displacement vector.
iﬂ The contact plane passes through the point Xa + gA and is perpendicular
:: to n (Figure 71(a)). The contact/release condition is defined as
- follows:
> og>0 release
et
‘J
“ o0 contact ‘
" '
where: o = ¢ + n !
b ~
g ~
K- £ =x, +d, - x, - d g
- ~ ~B ~B ~A <A G
<\ )
he The quantity, o, is a measure of the distance between Xg + dB and d
e~ the contact plane. When contact is noted, a contact element stiffness g
Jﬁ and out-of-balance force are added to the global equations. ‘j
™ If k > 0 is sufficiently large, the point xo + dj will be forced to A
d lie (approximately) on the contact plane. In subsequent steps, only the ﬁ
stiffness is assembled, and the decision to remain in contact or to g
fﬁ release is made on the basis of the sign of o, as above. ;
_:ﬁ For interpreting output, the contact element "displacement" is j
;;‘ defined as o, and the "force" is given by: i
» :
. <
'- 1l
b : 4
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In addition to the contact element, Prevost (Reference 38) has
defined a slide element. The slide-line element may be used to impose
inequality constraints between nodes. Either friction or frictionless
conditions may be achieved.

A slide-1ine element is defined by three nodes and a spring con-
stant or penalty parameter, k. The connection from node A to node B
defines the slide-line direction, and node C 1is the contact node
(Figure 71(b)).

The projected distance of node C to node A onto the slide-line

direction is denoted by a and is given by:
« = A8 - Ac / as? 0O<all
where: -+ = the dot product of two vectors. The direction of the unit

vector n to the slide-line direction is given by:

n = (AB x AC) x AB / | (AB x AC) x AB

where: x denotes the cross product of two vectors. The local contact

stiffness matrix k is given by:

1-a2 al-a) -(1-a)
k = k Ja(l - a) o -a
-(1 - a) ~o 1

where the rows and columns are arranged such that the first, second, and
third rows (columns) correspond to nodes A, B, and C, respectively, The

contact/release condition is defined as follows: (1) in two dimensions,

IA

if 0 as and AB + n < 0, contact (otherwise, release); and (2) in
three dimensions, if 0 £ a £ 1, then contact (otherwise, release).

If k is sufficiently large, the point C will be forced to lie
(approximately) on the slide-line AB. In subsequent steps, only the
contact stiffness is assembled, and the decision to remain in contact or

not is made as described above.
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-5 Cyclic Behavior of Piles ;
5 Poulos (Ref 52) concludes that ultimate load capacity and cyclic
i;: stiffness decrease with increasing numbers of cycles and increasing
;E cycle load level. This becomes more significant when the cyclic Tload
approaches one-half the static ultimate load. The cyclic degradation
R } appears to begin at the top of the pile and progresses downward,
:: resulting in a gradual transfer of Jload to the lower position of the f
%5 pile. The crucial factor in determining the amount of cyclic degrada- :
| tion is the shear strain for skin friction. X
':j Poulos (Ref 53) conducted a limited investigation of an effective n
i; stress approach to determine pore pressure increases with cyclic loading E
i: and the resulting modulus degradation factors. Figure 72 shows a compi- -
- lation of observations (Ref 52) showing degradation as a function of
- strain ratio, where:
Yoo = (0.10 to 0.25) y_
. and
N
u: Yo = static shear strain to failure
A7
:f Poulos (Ref 52) reports that "one-way" cyclic loading (i.e., cyclic
. loading between zero minimum Tload and a specified maximum) produces
. "two-way" 1loading (i.e., loading alternating between tension and com- N
:Ei pression with zero as a mean value). He points out that degradation K
o will occur at different rates along the pile, depending on local stress .
. Jevel. Even in initially homogeneous soil, a nonuniform distribution of .
.. ¥ . soil modulus and skin friction will result from cyclic loading because -
\;E nonuniformity of stress dist, ibution occurs along the pile. Degradation -
%é occurs in the ultimate skin friction along the length of the pile and E
% also the ultimate base resistance. The major problem in a cyclic bt
2 response is determining how the degradition factors vary with strain and
'? number af cycles. )

The cyclic shear strain in the soi) adjacent to the pile, Yc, can

be estimated as:
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X where: Pc cyclic displacement of pile at a point on the pile shaft

pile diameter
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2 1.0 homogeneous infinitely deep soil and 0.5 modulus
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The cyclic base strain can be estimated from the above assuming Mg
= 0.5, L/d = 100.
- 4 Pbc
db

be cyclic displacement of pile base

db diameter of pile base.

It is important to note that the above is based on the assumptions
of elastic behavior. Typical predictions for pile settlement take the
form of Figure 73. Also shown in Figure 73 is the ultimate cyclic load
as a function of number of cycles. The settlement problem is the major

concern for piles in cohesionless materials.

Friction Between Calcareous Sand and Building Materials

Calcareous sediments have proven troublesome to offshore facili-
ties. Piles in calcareous sands have been noted to penetrate and to be
extracted with much less effort than predicted by conventional tech-
niques. A research program was previously conducted at NCEL (Ref 54) in
which calcareous sediments were collected from three environments: a
deep-ocean site, a shallow-ocean site, and coral line sand from an atoll
beach. The coefficients of friction of these sands and of a quartz sand
(used as a standard) were measured against surfaces of rough and smooth
steel and mortar. Volume changes were measured as a function of sliding
displacement.

Experience has caused engineers to reduce pile capacities in cal-
careous materials. This usually results in load capacity reductions to
one-fourth that of piles in normal materials. In the past, it was not
clearly understood why calcareous materials exhibited inferior pile
support. Measured angles of internal friction -- a measure of
strength - are high, 34 degrees or greater. Part of the problem was
identified as the Jlow increase in soil effective stress during pile
driving, which is thought to result from a crushing or collapse of a

cemented soil structure or from the breakup of individual carbonate
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grains. This lack of increase in effective stress results in a
relatively lower shear strength in the soil mass surrounding the pile.
Further, it was thought that the coefficients of friction might be
substantially 1less between calcareous materials and piles. Valent
(Ref 54) conducted a friction test program using a modified direct
shear test machine in which the lower half of the apparatus contained
a building material and the upper half a soil sample. Table 5 sum-
marizes his results.

In general, the results show that the low friction forces in cal-
careous sediments are not the result of low achievable friction angles,
because calcareous sands are comparable to other sands; low friction
development then, must be attributable to low normal force. Deep-ocean
sand (foraminiferal sand-silt) exhibits one possible cause for low
developed normal force. The volume change during testing indicated a
considerable volume decrease during development of resisting friction
force, probably due to crushing of the skeletal structures and shell

fragments. Penetration of a pile in such a material would crush the

hollow shell material with only a minimal increase in effective stress

of the surrounding material.
Quoting from Valent (Ref 54):

"1l. The calcareous sediments tested, and presumably
calcareous sediments in general, develop coefficients
of friction against steel and concrete building
materials that are comparable to those developed

by quartz-type sands. Thus, the possibility of

low coefficients of friction being responsible for
the observed low friction forces on driven piling

and other penetrators in calcareous materials is
ruled out.

2. The observed large volume decreases during

shear of the foraminiferal sand-silt are probably
responsible for the low developed friction forces

in these hollow-shelled materials. Such large
volume decreases at nonincreasing normal load imply
densification in the field without accompanying
increases in normal stress on the penetrator surface.

3. Low developed friction forces in other calcareous
materials may arise from a similar mechanism involving
a hypothesized loose, but cemented, structure for




mﬂw-rvv—-
w

Table 5. Summary of friction Test Results (Ref 53)
. . a a
Test No. Soil Material “peak Mresidual
Base Materia]b: SandC

1 Quartz sand 0.67¢ 0.54

2 Coralline sand 0.66 0.56

3 Coralline sand 0.68d 0.57

4 Oolitic sand 0.77 0.61

5 Oolitic sand 0.81d 0.62

6 Foram sand-silt 0.64 0.58

Base Materia]b Smooth Stee)l
7 Quartz sand 0.27¢ 0.19
8 Coralline sand 0.20 0.17e
9 Coralline sand 0.20 0.18
10 Coralline sand 0.21d 0.17
11 Oolitic sand 0.15 0.13
12 Qolitic sand 0.32 0.31
13 Foram sand-silt 0.40 0.37
Base Materia]b: Rough Steel
14 Quartz sand 0.60 0.54
15 Coralline sand 0.63 0.55
16 Oolitic sand 0.54 0.51
17 Oolitic sand 0.58f 0.50
18 Foram sand-silt -~-- 0.66
Base Materia]b: Smooth Concrete

19 Quartz sand 0.60 ! 0.54
20 Coralline sand 0.63 0.56
21 Qolitic sand 0.59 0.52
22 Oolitic sand 0.58f 0.54
23 Foram sand-silt ———— 0.67
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Table 5. Continued
. . a
Test No. Soil Material “peak Mresidual
Base Materia1b: Rough Concrete
24 Quartz sand 0.69 0.57
25 Coralline sand 0.66 0.59
26 Qolitic sand 0.74 0.57

material

129

These tests run with mechanical measurement system;
i.e., proving ring and manual recording of data.

No peak p reached, p increasing through end of test.

aFor direct shear tests, py = tan ¢ where ¢ = angle of internal
friction; for friction tests, p = tan 6 where 6§ = angle of
sliding friction.

Soil in bottom shear ring for direct shear tests, or building
in friction tests.

Base material same as soil material for direct shear tests.

Low value for p reached shortly after ppeak, thereafter p
increased with displacement to end of test.
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the soil material. The application of shear stresses
during penetration would cause collapse of this
structure to a denser, but still loose, arrangement."

Piles in Calcareous Sands

Calcareous sands, as discussed, are noted for loose arrangement of
particles lightly cemented to form a structure to support other layers
without compacting. However, upon shearing, the structure is destroyed,
breaking the cement bonds. The loose-grained structure then compacts
and densifies. The sand (silica sand) is a very loose sand (30% rela-
tive density) and, as such, is a "manufactured” sand that would not
occur in nature. The properties of this material might be expected to
represent the constitutive behavior of a calcareous sand.

To analyze a pile's load capacity using the effective stress soil
mouel, the mesh in Figure 74 was used. This mesh simulates a pile
already in place (i.e., not the driving of the pile). Horizontal and
vertical springs were used to join the pile to the soil field to simu-
late the interface and allow for pile movement.

The soi)l properties used were those of silica sand. The material
properties simulate the condition of the soil after placement of the
pile. No desification occurs, since the pile is in place at the start
of the analysis. A prediction of pile capacity was made by using con-
ventional techniques found in Figures 67 and 68 adjusted to the problem
conditions but without densification. Results indicated a pile resis-
tance in normal average cohesionless sand of at least 1,500 kg with

about 150 kg of that in side friction and the remainder in end bearing.

Load Settlement of the Pile. Figure 75(a) shows the Jload settle-

ment of the pile. Several values were tried for the spring constants.
Results show the pile experienced large settlements between 300 and 400
kg. Figure 72 shows the distribution of force within the pile for three
load levels. Note that most of the increase in load is due to skin
friction. Figure 75(b) shows the distribution of force along the pile
at a point in the loading having a force of 300 kg applied at the top of
the pile. The results in Figure 75(b) show about one-half to two-thirds
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of the load is taken in skin friction. The skin friction portion of the
load agrees with the predicted values., however, the end bearing is
substantially less. It is important to note that the silica sand used
had a relative density of only 30% which is so loose it does not occur
in nature but is “manufactured" in the laboratory. The level of loading
is about one-fourth that of a pile in normal sand, which is the level

expected from experience in calcareous sands. Figure 76 shows contours
250 kg

4

100
300

AN

X

\

1500

AR/

1000

SN
— ]
H\s‘“‘L--[::¥ﬂ N

\
AN
N\

AN

N
S8\
<

=]
o

[

N

Contours in g/cm
Figure 76. Principal stress contour around pile.
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of principal stress around the pile at a typical load step. These show
typical patterns, as expected; the level of stress below the pile tip
would be on the last surface at yield.

Results show that the order of magnitude of the pile capacity in
calcareous materials 1is predicted correctly. Further, the friction
developed on the sides of the pile is at the expected level, not sub-
stantially reduced from normal sands. The amount of end bearing is
slightly dependent on the vertical spring constant. Use of nonlinear
springs would have allowed slip to occur, transferring more load into

end bearing when exceeding some local slip level.

Pile Behavior Under Cyclic Loading. Next, pile behavior under

cyclic loading was examined. The applied loading consisted of cyclic
variation of the vertical load on the pile. In one case, the loading
was cycled in "one-way" loading (zero minimum and specified maximum) and
in "two-way" loading (alternating compression and tension). The first
example was at a relatively Tow level of loading for the model pile
(about one-seventh of yield). Figure 77 shows the stress beneath the
pile tip for one-way loading (0 to 50 kg), Figure 78 shows the shear
stress contours around the pile (0 to 50 kg). Figure 79 shows the
stress beneath the pile tip for two-way loading (50 to S0 kg), the shear
stress plot is similar to Figure 80. Note that the tip forces reduce
with loading, transferring more to friction to maintain load levels.
Figure 80 shows the typical contact element force, a measure of friction
between the soil and pile. Note the gradual buildup in the two-way
loading case.

The loading was increased to about 40% of yield. Figure 81 shows
the distribution of force within the pile for both one-way and two-way
loading for the first and fifth cycles. Note the increase in friction
loading in the pile with two-way loading, showing the degradation with
cyclic loading. Note also that for both cases the friction increases
more in the lower half of the pile. Figure 82 represents the typical
contact element force, again showing the increase in friction with each
cycle. Figures 83 and 84 show the stress beneath the pile tip. Both

drop off with each cycle, however, the two-way loading does so at a
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N faster rate. Figure 85 shows the pile settlement for both cases. Note
“ that the change in settlement between the first and fifth cycle is over
N four times greater for the two-way loading. Figure 86 shows the
2

deformed mesh for the one-way loading., the mesh is similar for the
' two-way loading.
The loading was increased to 80% of pile capacity, and the one-way
loading case was tried. This load exceeded the friction capacity so
3 two-way loading could not be used. Figure 87 shows the stress beneath
the pile tip, and Figure 88 shows the deformed mesh. Failure occurs
between load steps 70 and 80. Figure 89 shows the shear stress contours
a around the pile at load steps 10 and 70. More load capacity is trans-
ferred from end bearing than from side friction.

The cyclic results clearly show the degradation of the pile under
cyclic loading. Results show the two-way loading causes more degrada-
: tion, as expected. The model performed well in predicting the qualita-

tive pile behavior, particularly the settlements (Figures 75 and 85).
8 The pile problems were repeated for the undrained case in which the
water table was at the surface. Figure 90(a) shows the load settlement
curve. The original load increment used in the drained problem above
was too large for the undrained problem and produced an instability at
yielding. The load step was reduced, and the solution proceeded in a
satisfactory manner. The pile capacity was about 250 kg, lower than the

350 kg in the drained case. The loading was cycled in one-way and

T; two-way conditicrs. Figure 80(b) presents the distribution of force
- within the pile, showing the increase in friction with cycling, as with
! the drained case. Friction 1is slightly greater in this case.

v ’ Figures 91 and 92 show the soil stress beneath the pile. The end
bearing stress drops off with cycling, showing the shift to friction.
The two-way loading has a faster degradation, as clearly shown 1in

) Figure 93, which shows the settlement. The two-way loading produces

more permanent differential settlement after the fifth cycle. Figure 94

o
® “x
'}

shows the pore pressure in the soil beneath the pile tip. The pore

* .. .'

. pressure rises to about three-quarters of the confining stress and then

<

drops off as the Tload is shifted to friction along the pile. Figure 95

- shows the friction force. Note the degradation effects with cycling as AN
f the load transfer drops off with each cycle. 1:4
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Figure 80. Friction force in pile in soil field - 0 to 50 kg.
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field - 0 to 150 kg (with water table).
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o
o CONCLUSIONS/RECOMMENDATIONS
e
.
h q'.
" An efficient finite element procedure to analyze dynamic transient
. phenomena in dry and/or fluid-saturated porous soil media is presented.
S
;:f-‘,‘ The saturated porous medium is modeled as a two-phase system consisting
::-':: of a solid and a fluid phase. Time integration of the resulting semi-
1
“oN discrete finite element equations is performed by using an implicit-
| explicit algorithm. In order to remove the time step size restriction
I -
.g'. associated with the presence of the stiff fluid in the mixture, the
. .
;:}: fluid contribution to the equations of motion 1is always treated
:, > implicitly. The procedure allows an optimal selection of the time step
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size independently of the fluid. Depending upon the particular appli- &
cations (seismic, blast 1loading, etc.) the fluid may be assumed ‘
incompressible or compressible.

Accuracy and versatility of the proposed procedure are demonstrated

by applying it to a number of dynamic soil and soil-structure inter-

L R A Ay -~

actions tests performed in centrifuges. The hysteretic stress-strain
behavior of the soil skeleton is modeled by using the effective-stress
elastic-plastic model reported in Reference 31l. The model 1is an

extension of the simple multi-surface J,-plasticity theory and uses

conical yield surfaces. The model accuraiely describes observed shear
nonlinear hysteretic soil behavior, shear stress-induced anisotropy
effects, and reflects accurately the strong dependency of the shear
dilatancy on the effective stress ratio in granular cohesionless soils. f
The model s applicable to general multi-dimensional stress-strain
conditions, and its parameters can be derived entirely from the results
of conventional triaxial soil tests.

The proposed procedure allows a complete and rational analysis of E
complex dynamic soil-structure interaction problems including important
effects such as hysteretic nonlinear effective stress-strain behavior,
coupling between shear and volumetric deformations, coupled effects in
saturated two-phase soil systems.

The soil model has been validated by comparison with laboratory
test data, predicting drained tests, undrained tests, and tests at J
differing stress paths. The model has been further validated by
comparison of computed results to results obtained in centrifuge model

tests. -
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o NAVFACENGCOM - PAC DIV Cade 101 (Kyi), Peart Harbor, B0 Code 0990 Pearl Harbor, HIL Code 2011,
) Pearl Harbor, HI. Code 4020 RDT&E 1nO). Pearl Harbor. HE Library . Pearl Harbor, HI
"
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NAVEACENGCOM - SOUTH DIV Code THE2D Charleston, SCL Code 3030 Charleston, SCO Caode 400,
Charfeston, SCL Geotech Section (Code 02200 Charleston, SCO bcary, Chaedeston, SO

NAVEACENGCON - WEST DIV Code 0480 San Bruno, CAD Dibrany (Code 04A2 290 San Bruno, €A
RDI&E (nO). San Bruno, €A

NAVEACENGCOM CONTRACTS AROICC, Quantico, VA

NAVOCEANO Code o200 (M Paged, Bay St Lous, NS

NAVOCEANSYSCEN Code 341 iBachman), San Dicgos CAL Code 963 Clech Dibraro, San Dregol CAL Cade
Oed2B (Bavade Fibrarvy, San Dieeo, CA

NAVPGSCOL Code 6IWE (O Wailsony, Monterey, CA

NAAVSCOLCECORE Code O350 Port Hueneme, CA

NAVSEASYSCOM Code o4 Washington, DO Code CEE-TD230 Washigton. DO

NAVSHIPY D Code 20240 Tong Beach, CA

NAMSTA D bngr Dive PWD cCode E8200) 0 Masport, H

NAVSUREWENCEN Code F21E (C Roused, Dahlgren, VA

NAVWARCOD Fac Coord (Code 24y, Newport, Rl

NAVWENCEN Code 20300 China Take, €A

NOAN Joseph Vadus, Rockvdle, MDD

NORD A Head, Geotedh Br (Code 36300 Bay St Lows, AIS

NRE Code 3stw Woashimgton, DO

NAC Code 34810 Nortolhs VA

PAEC Code s Pont Muegu., CA

PWC Code 1] (Dibrarvy, Oakland, CAL Code 12300 San Dicgo, CAL Code 4200 Great Lahes, 10 abrany
(Code 133 Peart Harbor, HE Dibrarys Guam, Manana Whandss Dibrary, Nogtolhe VAL Bibrany, Pensacola.
FL. Dibrare, Yohosukha JAL Tech Librany, Subie Bayv, RP

LS DEPT OF INTERIOR Bur of Land Memnt (Code 3830 Washington, DO Natl Park Sve, RMR PO
PDemer. €O

US GEOLOGICAT SURVEY AManne Geology Otfe (Prrelekn . Reston, VA

USDN B Sorv of Mahen Washigton, DO Forest Seve Ree S0 Adanta, GA

USNA Charrman. Mech Bogre Dept Annapoliss MD Mers Fograo Cial Spees Bre Annapobs. MDD

CALIE DEPT OF NAVIGATION & OCEAN DEV G Armarong, Sacramento, CA

CALTFORNLENY STATE UNIVERSITY Energy Tech Dept (Kohant, Menio Park. €A

CHEY OF LIVERMORE Progect Bogr tDawkins), [nvermore, CA

CUARKNON COLE OF TECH CF Dept (Batsend. Potsdam, NY

COLORADO SCHOOLU OF MINES Dept ot Bngre (Chungy. Golden. €O

COFORADO SEATE UNIVERSIHY CF Dept iNebhony, B Collines COCCE Dept ¢ Charhiey. Fort Collins,
NMD

CORNELL UNIVERSHEY Dibrary s Tthacas NY D Ol & Enviren Bogre (F Kulthwav), Ttheca, NY

DAMES & MOORE TTBRARY {os Angeles, CA

FLORIDA ATTANTIC UNIVERSITY Occan Engrg Dept (MeAthstent Boca Raton, Fio Ocean Eogreg Dept
(Sur. Bova Raton, B

FLORIDA INSTITUVTE OF TECHNOLOGY CF Dept (Kalapany. Mclbourne. Bl

GEORGEN INSTITUTE OF TECHNOLOGY Arch Col (Bentony, Athanta, G O Seol Kahmyo Atlanta. G
CEoScob Vazant, Alante, GA

INSTHEE TD OF MARINE SCIENCES Bribrarys Port Aransas, 1IN

TOW N STATE UNIVERSITY CF Dept tHandy ) Ames. 1A

FAMRENCE PIVERMORE NATE LAB P Tokarzs Tnermore. €A

FEHIGH UNIVERSIEEY CE Dept. Fivdrauhos Dabo Bethichem. PAC Dinderman Db Ser Cataloguer
Bethichem. PAL Manne Geotech Tab 00 Richardsi Bethichem PA

MICHTIGAN TECHNOTOGIOND UNIVERSITY CF Dept tHasr, Hoochron Afd

MET Eoere Tib, Cambrdee. MALD Db Teeh Reports, Cambidee, MV RN Whitman, Cambirdee. M

NY CHTY CONMMNUNIEY COfTEGE Dibrary, Brookbn, NY

PENNSYDVANIY SEATE UNIVERSEEY Gorolibr Unversiee Poak A RGCh Dol oSnvdory Seae Cofly o
P

PURDUE ENIVERSHEY CE o oScol o Ischactth Datanvette INDCE Scob b conarc o Patevette IN Eigre 1Tib
Iataeveniel IN

SAN DGO STATE UNIV CF Dept ilkeshonamoeorthvis San Drege €N CEH Depr oNoormyy San Dheee €0y

SEATTTE UNIVERSEEY CF Dreptooschwaculent Seartle Wy

SOUTHWEST RSCEHINST Tocrectic Sy Dept ol spagzar Sy Anveae TN 8 Hokamen S Antone BN
King. San Notonees TN RO Debbart, San Antome TN

SENTE UNIV OF NEW YORK CF Depto Buttale NY

TENAS NANM UNIVERSTHEY F Dept ol adbetterny, Collese Stanon. TN CF Dopt iNacdaneckn Colloee
Statton [N Ocean Tage Progs College Station. TN '

ENIVERSHIY OF CATITORNIN CF Dept cGanneckr, Berkeloy € N CF o Depr iNichath Borkahoy €A
Foere oY lmson. Borheley C8 Toans Paere Dept obumcanm Borkalos €N

UNIVERSEEY OF 1LEINOIS ¢F Dept tHadh Urbana 10 CF Dopt oW Gumblor Unbana TE bbby
Urbaa 100 ML Droevsson Uebang 10N etz Ret R b I
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NIVERSTEY OF MASSACHUSE IS ME Dept (Heroneumus), Amherst. MA

NIVERSTEY OF MICHIGAN CF Dept (Richart). Ann Arbor, M|

NIVERSHY OF NEBRASKA-LINCOLN Ross fee Shelt Proj. Lincoln. NE

SIVERSIDY OF NEW MENICO NMERIL (Falk). Albugue. jue. NM

NIVERSIEY OF NOTRE DAME CE Dept (Katonal, Norte Dame. IN

NIVERSTEY OF RHODE ISLAND CE Dept (Kovaes), Kingston. Rl

NIVERSITY OF TENAS AT AUSTIN Breen, Austing IX: CE Dept (R Olson). Austn. N CL

cThompsom. Nusting [N

NIVERSTIY OF WASHINGTON CEF Dept (Mattock), Seattle, WAD RL Terrel, Brerett, WA

UNIVERSIIY OF WISCONSIN Great Lakes Studies. Ctes Midwaukee, WI

AME RICAN CONCRETE INSTIEUTE Labrarv, Detront, Ml

AMLE TER OFFSHORE RSCH Santa Barbara, CA

ATEANTIC RICHEIFLD CO RE Smuth, Dallas, TX

AUSTRATEA Sudney Unnv Scol CF & Mine (Poulost, Svdoey

BAUTHLLE D Faok. Columbus, OH

BELTHLEHEM STEEL CO - Bogrg Dept (Domuaked. Bethlehem. PA

BRITISH EMBASSY Sa & Tech Dept (Wilkins). Washington, DC

BROWN & ROOT Ward, Houston, TX

CANADA Viateur De Champlain, DS AL Matane, Canada

CHEAMRON OIF FLD RSCH CO Brooks, La Habra. CA

CONCRE TR TECH CORP AL Anderson. Tacoma. WA

CONRAD ASSOC Tusont, Van Nuss, CA

CONSTRUCTION TECH LABS AE Fiorato, Skokie. 11

DRAMO CORP Wnight, Pitsburg, PA

EVATUATTON ASSOC INC MA Fedefe. King of Prussia, PA

FUGRO INTER, INC Labrary. Houston. TX

GEGTECHNICAL ENGINEERS INC. (RF. Murdock) Principal. Winchester. MA

GRUMMAN AEROSPACE CORP. Tech Info Ctr. Bethpage. NY

HALEY & ALDRICHO INC. HP Aldrich. Jr. Cambridge. MA

NUSC DEL Dibrary (Code 4333) Newport, R

KAMAN SCIENCES CORP D Sachs. Santa Barbara, CA

[ AMONT-DOHERTY GEOLOGICAL OBSERVATORY McCoyv, Palsades. NY

FIN OFFSHORE ENGRG P Chaw, San Francisco CA

LIND N HALL LIBRARY Doc Dept. Kansas City, MO

AMARANTHON OF €O Houston TX

MOBIE R & D CORP Oftshore Fog Library. Dallas. TX

MUESER RUTHEEDGE . CONSULTING ENGRS Richards, New York, NY

PROE SVOS INDUSTRIES. INC Dire Roofs (Fyonsy, Houston, X

PHELPS ASSOC P A Phelps. Rheem Valley: CA

PORTUAND CEMENT ASSOC Corlev. Shohie, 1L Reeh & Dev Tab b, Skoke, 11

RAYNMOND INTD O INC Sanl Tech Dept (F Colley, Pennsauken, NI

SANDIN T ABORNTORIES Tibrarv, vermore. OA

SEATECOH CORP Perone Miamie: B

SHANNON O WIHTSON  INC Dibranan, Scattle W\

SHETD OFESHORTE INC B Dovie Hloweton, TN

SHEET o cor EXP Cial Eogre. Houston TN

TIDEW ANTER CONSTR €O B Fowler Virgima Beadh VA

TRW SYSTENS Do San Bormardime €N Foer Diboary Cleselind OH

WESTINGHOUSE PITCTRIC CORP Dibrany Pisbarg PA

MASS  IANNEY P ESINER & ASSOC DWW Proter Notthbrook 1

WOODWARD CLYDE CONSULEANTIS R Croons Wolnat Crech € R Damnpoers s TN
[y Wode r ek O

BROMN S ROBERT U nnocrany Y
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INSTRUCTIONS

The Naval Civil Engineering Laboratory has revised its primary distribution lists. The bottom of
the mailing label has several numbers listed. These numbers correspond to numbers assigned to the list of
Subject Categories. Numbers on the label corresponding to those on the list indicate the subject category and
type of documents you are presently receiving. If you are satisfied, throw this card away (or file it for later
reference).

If you want to change what you are presently receiving:

Delete - mark off number on bottom of label,

Add - arcle number on List.

Remove my name trom all vour hists - cheek bov on list.

Change my address - hine out incorrect line and write in correction (ATTACH MAILING LABEL).

Number ot copies should be entered atter the utle of the subject categories vou select.

Fold on line below and drop in the mail.

Note: Numbers on label but not listed on questionnaire are for NCE L use only, please ignore them.

Fatet g0 line and staple
DEPARTMENT OF THE NAVY
- POSTAGE AND FEES PAID
NAVAL CivIL ENGINEERING LABORATORY DEPARTMENT OF THE NAVY
PORT HUENEME. CALIFORNIA 93043 DOD-318

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE. §300
1 IMD-NCEL.2700/4 (REV. 12.73)

0030-1L-L70-0044

Commanding Officer

Code L14

Naval Civil Engineering Laboratory
Port Hueneme, California 93043




DISTRIBUTION QUESTIONNAIRE
The Naval Civil Engineering Laboratory is revising its primary distribution lists.

s

SR

o SUBJECT CATEGORIES 28 ENERGY/POWER GENERATION

L 29 Thermai conservation (thermal enginsering of buiidings, HVAC
- systems, energy 10ss Measurement, power generstion)

t SHORE FACILITIES
2 Construction methods and materials lincluding corrosion
control, coatings)

Waterfront structures {(maintenance/deterioration control)

Utilities {including power conditic ving)

Explosives safety

Construction equipment and machinery

Fire prevention and control

Antenna technology

Structural analysis and design (including numerical and

computer techniques)

10 Protective construction {(including hardened shelters,
shock and vibration studies)

11 Soil/rock mechanics

13 8€Q

14 Asrtfields and pavements

13 ADVANCED BASE AND AMPHIBIOUS FACILITIES

16 Base facilities Lincluding shelters, power generation, water suppiies)

17 Expedient roads/aitields/bridges

18 Amphibious operations (including breakwaters, wave forces}

19 Over-the-Beach operations (including containerization,
materiel transfer, lighterage and cranes)

20 POL storage, transfer and distribution

24 POLAR ENGINEERING

24 Same as Advanced Base and Amphibious Facilities,
except hmited to cold-region environments

ODIOO W

TYPES OF DOCUMENTS
85 Techdaw Sheets 86 Technical Reports and Technical Notes
83 Table of Contents & Index to TDS

30 Controis and electrical conservation (electrical systems,
energy monitoring and control systems)

31 Fuel flexibility (liquid fuets, coal utilization, energy
from solid waste)

32 Alternate snergy source {geotharmal power, photovoltax
power systems, solar systems, wind systems, energy storasge
systems)

33 Site data and systems integration (energy resource data, energy
consumption data, integrating energy systems)

34 ENVIRONMENTAL PROTECTION

35 Solid waste management

36 Hazardous/toxic materials management

37 Wastewater management and sanitary engineering

38 Oul pollution removal and recovery

39 Air poliution

40 Noise abatement

44 OCEAN ENGINEERING

45 Sea! sor soils and foundations

46 Seatioor construction systems and opera” uns {including
diver and manipulator toois}

47 Undersea structures and materials

48 Anchors and moorings

49 Undersea power systems, electromechanical cables,
and connectors

50 Pressure vessel facilities

51 Physical environment (including site surveying)

52 Ocean-based concrete structures

53 Hyperbaric chambers

54 Undersea cable dynamics

() None—
remove my name

82 NCEL Guide & Updates
91 Physical Security
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